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1.0 Executive Summary
1.1 Overview

The rules for the current Design/Build/Fly Competition presented a new spin on previous
years. The 1998-99 competition had a simple goal for each entry; carry as much cargo as
possible. This year, with the addition of two empty “ferry laps”, the rules added an
important design consideration; make the plane faster. Top designs from last year were
pure heavy lifting airframes with large wing surfaces, or bi-planes with extremely large
total wing areas. The wing span restriction on the current competition also demonstrated
that more payload capacity might not be the key to a higher overall score. For the empty
lap where high speed is the objective, high lifting airfoils and multiple wings create too
much drag, overall causing more harm than good. The decision for a low wing aircraft
came from the loading and unloading process that must take place during the
competition. A high wing design would probably have blocked access to the cargo. On
R/C aircraft, contrary to popular belief, a low-wing design is not less stable than a high-
wing design; and in spite of the slightly better stability of a high-wing, the low-wing
design worked better for this competition.

After studying the top design from last year, a decision was made on how much water The
Lisa B should carry. Initially, five liters was chosen based on the idea that more weight
would drain battery power too quickly, resulting in fewer laps. After additional calculations
of the aircraft’s performance, it was decided that more weight could be catried without
excess power consumption. As a result, the cargo bay needed to be re-designed. Three
separate non-load-beating cargo bay hatches were built to accommodate different payload
volumes. With this design, the amount of cargo cartied during the loaded laps may be
changed based on remaining battery power. For example, on the first lap The Lisa B might
carry eight liters, and then on the second and third laps, she could catry seven and six litets,
respectively. The three different cargo bay hatches can accommodate cargos of five, six,
seven, or eight liters.

1.2 Design Tools

Throughout the design process, many design tools were used for all the different aspects of
the airplane, from the structural design and analysis to the flight performance data.

1.2.1 AutoCAD R14

The structural details of The Lisa B were compiled using A#t0CAD R14. Full-scale plots
from this program were used to visualize every detail of the plane during construction. As
one unfortunate team learned last year, lack of a detailed, step-by-step layout of the plane
can cause confusion during construction. A master design gave each member a clear image
of the completed airframe and also prevented the design from straying far from the original.
AutoCAD R14 made it easy to correct design errors, and to build additional parts identical to
the original.




1.2.2 Microsoft Excel
All the performance data for the aircraft was compiled and optimized on a custom Excel

spreadsheet designed by members of the team. This spreadsheet took 1nto account every
flight characteristic of the airplane, from wing efficiency and drag to power usage and flight
time.

1.2.3 Electri-Calc

The program Electri-Cale (E-Cali) was used to find the most efficient combination of
batteries, motor, and propeller size. Combined with the Exe/ spreadsheet, E-Ca/ helped
determine the power that would be cousumed in each part of the mission. Given the
number of cells, prop size, and type of motor, the program can estimate thrust available,
current draw, and battery life.

1.2.4 Theory of Wing Sections :

In selecting an airfoil the team first used the book, Theory of Wing Sections. This book was
produced by NACA and is based on experimental wind tunnel tests. This was desirable
because the team found that the airfoil programs PAND.A and IV#FOIL were inaccurate at
certain levels because they are based on inviscid, linear theory, not wind tunnel data. A
problem arose when the team realized that all the data in Theory of Wing Sections was based
on high Reynolds numbers. This left the team without any useful data, since The Lisa B will
operate at low Reynolds numbers.

1.2.5 Summary of Low-Speed Airfoil Data, Volume 3

After an internet search, the team discovered a book from the University of Illinois that
contained useful data. This particular volume specialized in low speed aitfoils. The team
analyzed many airfoils including some with data for different flap deflection angles. This
flap data was then used on an airfoil that would be useful for the design of The Lisa B.

1.2.6 Datly Journal

By far the most helpful design tool the team used was a daily journal maintained by one of -
the team members. The journal was used every day to document discussions and the results
of research. It recorded accomplishments of each day, as well as changes made to the design.
With this book the team was able to accurately keep track of the meandering thought
process. This saved the team from needlessly repeating discussions, kept track of design
changes that were made, and helped recall design details for the writing of this report.

1.2.7 Fundamentals of Flight

When calculating the performance data, the team used equations and relationships out of
this book. It is used in Cal Poly’s aerodynamics courses and, thanks to these classes, each
team member is familiar with its contents.

1.2.8 Flight Stability and Automatic Control
This textbook is part of the curriculum in the upper-level aircraft stability and control

classes. It was used to predict the stability of The Lisa B during flight operations.




2.0 Management Summary

2.1 Team Members

Personnel assignments were based on each member’s previous background. While all team
members contributed in every aspect of the design, individual team members had certain
strength that was best suited for positions described below

Jonathan “Slash” Chapman, an Aeronautical Engineering Senior, was team captain.
Generally credited with putting the team together, he was responsible for organizing
meetings, planning work schedules, motivating team members, and keeping everything
pointed in the right direction. Jon was also chosen as the team’s pilot because of his
previous experience with remote-controlled aircraft.

Jann Mayer, an Aeronautical Engineering Senior, was the team’s CAD man. Bringing
experience from last year’s DBF competition, he was a steady source of good ideas. Jann
also has extensive knowledge in aerodynamics, which he applied very well to the project.
His experience in solid works and CAD produced a very coherent plan that was easy to
follow, resulting in a great aitframe. Also a previous builder and flyer of gliders, his
experience with balsa construction was indispensable.

David House, an Aeronautical Engineering Seniot, was the performance guru. He used his
knowledge of Mzcrosoft Excel to produce several spreadsheets that catalogued every aspect of
the airplane’s mission. The weights and balances, wing efficiencies, power usage,
appropriate speeds, and any other flight characteristic imaginable wete calculated on his
spreadsheets. His experience with missile design at Raytheon no doubt came in handy.

Jeff Napior, an Aeronautical Engineering Junior, was in all charge of all fundraising,
advertising, and public relations. Jeff sent out over 50 lettets to various companies asking
for support. His acquisitions include donations from Northrop Grumman, X-Acto, ATAA
Vandenberg Chapter, Bob Smith Industries, Superior Balsa, and many others. On top of
that he produced a web page that tracked the progress of The Lisa B, as well as business
cards to pass around campus to get our project known. With all this Jeff also kept a journal
recording the team’s progress. Lastly, he was the chief editor for the creation of the design
report.

Chad Ward, an Aeronautical Engineering Senior, brought a lot of expetience in controls and
structures. He dreamed up many of the configuration ideas, as well as caught numerous
mistakes in small details that the rest of the team had ovet-looked. Chad also brought
perfectionism to the team that nobody could match. During construction, Chad spent many
hours cutting out bulkheads and ribs to extremely small tolerances. Extra sanding was not
required when Chad was doing the cutting because of his extremely accurate modeling. His
preciseness helped the plane achieve all the design requirements.

Julio Hurtado and Joon Kim, Aeronautical Engineering Freshmen, helped a lot during the
construction phase. Since their book knowledge was not extensive enough to help in the
design process, they did all they could to help out in construction. They put up with Jon’s .




strict time schedules and a lot of upper-classmen telling them what to do. They were also
helpful in pointing out things that an overblown “Aero Ego” can overlook.

All the team members helped with construction. Jonathan, Jann, David, Julio, Jeff, and
Chad gave up their entire winter break to stay at school and make this happen. The plane is
only as good as the team, and The Lisa B is a great model of the fine people who come from

Cal Poly.

A special note about the original “Lisa B” is appropriate. Lisa Barneby is an Aeronautical
Engineering Senior who gave the team lots of support and took time out of her very busy
schedule to help out in any way she could. She is a dear friend and certainly deserves to be
the namesake of this magnificent aircraft.

2.2 Publicity for the Cal Poly Desi Build/Fly Team

The most prominent of all the promotion methods for the team was the Cal Poly
Design/Build/Fly 2000 Web Page. Its purpose was to advertise the team’s latest
accomplishments and also to solicit donations. The Web Page presents a brief background
of each team member, the purpose of the contest, and illustrates the team’s activities with
pictures of the construction and testing phases. The Cal Poly DBF 2000 Web Page may be

viewed at:

http:/ /www.calpoly.edu/~jnapior/dbf html




2.3 Timeline for The Lisa B

4-May-00

15-Mar-00 1—

25-Jan-00

6-Dec-99 T—

17-Oct-99 R

28-Aug-99 r—3—4
9-Jul-99

20-May-99

31-Mar-99

L ~#— Scheduled Completion —#— Actual Completion

Fignre 2.1 —
Timeline

Milestone Scheduled Completed Milestone Description

1 15-May-99  15-May-99
2 16-Sep-99  16-Sep-99
3 20-Sep-99  20-Sep-99
4 24-Sep-99  24-Sep-99
5 5-Nov-99 8-Nov-99
6 16-Nov-99  16-Nov-99
7 1-Dec-99 5-Dec-99
8 2-Dec-99 2-Dec-99
9 3-Dec-99 3-Dec-99
10 18-Dec-99  17-Dec-99
11 31-Dec-99  30-Dec-99
12 29-Jan-00  13-Feb-00
13 30-Jan-00  26-Feb-00
14 1-Feb-00 4-Mar-00
15 3-Feb-00 6-Mar-00
16 11-Feb-00  29-Feb-00
17 15-Feb-00  15-Mar-00
18 18-Feb-00 5-Mar-00
19 10-Mar-00  10-Mar-00
20 1-Apr-00 1-Apr-00

Team Selection

First Meeting, Orientation
Design process begins

Initial configuration chosen
Initial drawings laid out
Design Review

Key components built and tested
Design finalized

Construction begins

Wings completed

Fuselage completed

Final assembly

Ground testing

Maiden voyage

Modifications of design made
First draft of report written
Second plane construction
Final report ready for criticism
Mail in report

Mail in plane




3.0 Conceptual Design

3.1 Alternative Concepts Investigated

The overall aircraft configuration was the team’s first concern. Some of the designs that were
considered included a flying wing, biplane, twin fuselage or a conventional general-aviation
design. A cargo bay blended into the mid section of a wing defined the flying wing. The
flying wing would not have any vertical stabilizing surfaces and all maneuvering would be
performed by computer-controlled flap deflection. The biplane consisted of two wings
positioned parallel to each other and mounted symmetrically to a fuselage. In a twin-
fuselage design, a wing would connect the two fuselages. The hotizontal stabilizer of this
design would also serve as a connection at the tail. The conventional design would look
similar to any typical single engine light plane. These considerations are summarized in the
Conceptual Figures of Merit, Table 3.1.

An additional consideration was the wing positioning. For stability, the location of the wing
must be near the center of gravity. The vertical placement of the wing would affect the
structure and the loading and unloading of the cargo bay. The options included mounting
the wing high-, low-, or mid-fuselage. There ate also many different shapes of wings for low
speed aircraft, such as rectangular, tapered, swept, and elliptical. A tectangular wing is the
easiest to build due to its constant chord; whereas an elliptical wing is harder to build but
more efficient. '

3.2 Analytical Methods

For any proper design process, a numerical analysis should precede design. Identifying the
key elements in the mission and optimizing them increased the team’s chances of remaining
competitive. Knowing the parameters to which the aircraft must perform gave way to the
conceptual and analytical design.

A spreadsheet was made plc;tting the flight score versus the payload capacity. This was used
in order to find the payload capacity that would score the highest. This approximation was
based on the “average” plane from the 1998-99 competition, and is summarized in Table 3.2.

A custom Microsoft Excel spreadsheet containing configuration and literal factors was used.
‘The purpose of this spreadsheet was to have the ability to change the parameters of the
aircraft and see the effect that the change would have on the aircraft’s overall performance.
With this ability the team would be able to manipulate the design of the aircraft to improve
petformance. Equations for lift and drag coefficients, thrust required, lap time, and
coefficients of moments were included. The calculations wete very accurate, due to built-in
redundancies in the spreadsheet that checked for errors.




3.3 Figures of Merit

Rated Aircraft Cost
Modularization

Simplicity of Construction
Performance

Weight

Using the optimization spreadsheet (Appendix A) created at the beginning of the design
process, the team was able to quickly evaluate a variety of configurations and sizes. Basic
sizes and weights had to be assumed for these initial comparisons. The first parameter
inspected was the number of motors. The Rated Aircraft Cost increased dramatically with
the addition of a second motor. Since the Total Score is equal to the Report Score
multiplied by the Flight Score, and divided by the Rated Aircraft Cost, a low RAC is
extremely desirable. After going through similar comparisons between configurations, the
team was able to choose one with the lowest Rated Aircraft Cost.

An important stipulation was the shipping of the airplane. Modularization would be a
necessity in order to reduce the cost of shipping. Making the wings and the tail surfaces
detachable could make the crate narrower.

Stmplicity of construction was desirable due to the time restriction. In any working
environment, deadlines will always affect the complexity of the project in question.

The competition mandated a seven-foot wing span restriction. So, in order to provide
adequate lift, the chord must be large. The wing would have to be effective while flying the
loaded sortie, but must also provide efficient cruise performance on the unloaded sortie.

Low weight is desirable not only to improve performance, but also to impart a low Rated
Aircraft Cost. In order to run flight performance calculations, the weight of each design was
estimated using the known densities of different types of wood. Although the
manufacturing material was not yet decided upon, wood was assumed for each configuration
in order to accurately compare them.

3.4 Selection of Final Design

The final design was a low wing, single fuselage general aviation aircraft, using a single motor
mounted on the nose. This configuration allowed for simple loading and unloading
operations between sorties. The basic layout made performance calculations
straightforward, as well as simplified the manufacturing process. This configuration was
stable in flight, providing more room for pilot etror during adverse weather conditions.

The Figures of Merit as discussed above, were given a weighted score and each configuration
was analyzed. The results are summarized in Table 3.1. Using the weighted score on the
left, each different configuration was rated for each Figure of Merit. The conventional
general aviation design received the highest overall score, giving the team an overall airframe
layout to work with.




Table 3.1 —
Conceptual Figures of Merit

Weighted 150 ute of Merit 1 2 3 4
Score
3 IRated Aircraft Cost 2.5 1.0 1.0 2.4
2 Modularization 0.5 0.9 0.5 1.9
2 Simplicity of Construction| 0.5 0.4 0.5 1.8
2 Performance 1.6 0.8 0.6 1.6
1 Weight 0.9 0.4 0.1 0.7
10 Totals 6.0 35 2.7 8.4
1 — Flying Wing
2 — Biplane

3 — Twin Fuselage
4 — Conventional General Aviation

Table 3.2 -
Estimated S core Based on Payload Capacity

Payload/Lap| Laps |Motors| Total [Notes

(liters) Score
0.0 0 2 0.00 |Albatross - DBF 1998/99
6.9 1 2 6.49 [1998/1999 Average plane
1.0 1 2 3.58 |1998/1999 Average plane, linear relationships
2.0 1 2 4.85 |[(adjusted for scaling)
3.0 1 2 5.50
4.0 1 2 5.90
5.0 1 2 6.16
6.0 1 2 6.35
7.0 1 2 6.50
8.0 1 2 6.59 [Max. weight for 2000 competition
1.0 1 1 5.36
2.0 1 1 7.33
3.0 1 1 8.35
4.0 1 1 7.52
5.0 1 1 9.40
6.0 1 1 11.28
7.0 1 1 12.96
8.0 1 1 13.47




4.0 Preliminary Design Processes

4.1 Wing

The aitfoil dictates the performance of the aircraft. For all airplanes, from heavy lifting
aircraft to aerobatic flyers, the airfoil is critical. Initial research was done using the book,
Theoty of Wing Sections. The focus was on airfoils that had low drag and high maximum
coefficients of lift. Listed in Table 4.1 are the airfoils initially studied. In the second column
of Table 4.1, a C_ of 0.84 1s mentioned. This number was found from an equation for lift
found in Fundamentals of Flight, and using known values for air density, velocity, aspect
ratio, and weight, a C; of 0.84 was required for the cruise leg of the mission. From the table,
NACA 63,-615 was chosen for its high C;max and low angle of attack for the cruise C,.

However, after further research it was found that all the airfoils in this book were tested at
high Reynolds numbers, which meant higher speed aircraft. Since The Lisa B was not
designed to fly above a Reynolds number of 3x10°, the data found in Theory of Wing
Sections was inaccurate and could not be used for the team’s purposes. Since there was no
initial information on low speed aitfoils, PANDA, and V'xFoz/ were used to create the ideal
design. These programs can modify any airfoil as well as find petformance data for different
conditions. After several modifications, it was found that the programs were only accurate
during cruise conditions and didn’t accurately predict stall characteristics. The ideal solution
to finding the night airfoil was to build some mock-ups and test them in the university’s wind
tunnel. Unfortunately thete was not much time to spend building test models, and taking
into account the maccuracies involved in construction, use of the wind tunnel was not .
viable.

Finally, a publication was found through the University of Illinois. Summary of L.ow-Speed
Airfoil Data, Volume 3 is a large database of tested, low-speed aitfoils. From this database,
three airfoils were chosen,; their performance data is listed in Table 4.2. The SG6043 was
chosen for its low drag and high lift performances (tefer to Figure 4.1). The decision for
flaps was decided on because they give the option of “motphing” the wing from a standard,
higher speed airfoil, to a high lift airfoil. A similar airfoil, the S7062B, had data listed for
various flap deflections (refer to Table 4.3). This data was used to estimate a new C; max
for the chosen airfoil, SG6043.

The next decision was the chord length. The initial chord was chosen to be 18” because it
was thought that the C; max would be greatly increased with flaps. Later it was found that
the calculated increase in C; max due to flaps was unreasonable. A new chord length of 24”
was chosen to offset the loss of lift found in the real C; values. After further calculations
with E-Calc and the performance spreadsheet, it was found that a chord length of 22.5” was
better for both power consumption and lift.

Under the 1998-99 contest rules, a bi-plane would have been the wisest choice given the

requirements in the RFP. This year it was clear that a single-wing design would have a

higher overall score because of the lower Rated Aircraft Cost. There were a variety of things

to consider for the wing’s design: dihedral, sweep, chord, span and taper. Since lift was still : .

the key to a successful design, a large amount of wing area was necessaty. This had to come




from the chotd since a seven-foot span restriction was in the RFP. A tapered wing would
only waste usable planform area, and is difficult to construct. Sweep is only important in the
transonic region; this was turned down because the plane is not designed to fly close to
Mach 1. The last consideration was dihedral. Originally the team was under the impression
for a stable low-wing aircraft, some dihedral would be necessary to achieve the same flight
characteristics as a high wing. After further research and advice from advanced R/C
designers, the use of dihedral was eliminated. A straight, zero dihedral, rectangular wing
provided the most area, therefore the most lift, for the given span of seven feet and the
calculated chord of 22.5”. The other option of an elliptical planform was considered, but
the amount of drag saved by reduced wing-tip vortices did not out-weigh the difficulty of an
elliptical wing’s construction.

4.2 Cargo Bay

The main considerations when designing the cargo bay came with the orientation of the
bottles. The first consideration was placing the water bottles standing upright in-line with
one another. The advantages of this would be to minimize the fuselage cross-sectional area,
thereby reducing parasite drag. The drawback was that having up to eight bottles mounted
in a row would extend the length of the fuselage and require special considerations for the
additional weight in its construction. It would also create problems in trying to transfer the
payload weight onto the landing gear. There was a brief discussion on the topic of using
wing pods for part of the cargo, but because of the complexity of loading and unloading the
bottles, and the extreme amount of force the wings would have to sustain on a hard landing,
the idea was rejected. The final decision was to mount the bottles sideways, one on top of
the other, parallel to the thrust line. An additional benefit came from the option of varying
the payload without changing the flight charactetistics. Four bottles lay in a square
configuration centered on the aircraft’s center of gravity. The remaining bottles could either
mount in groups of two, three, or four on top of the bottom four bottles with just a simple
change of a non-load bearing hatch. This gave great flexibility in finding the optimal
payload.

4.3 Tail Section

When designing the hotizontal stabilizer it was crucial that it counter-act the moment
created by the wing. Since the wing alone creates a nose down moment, the horizontal
stabilizer had to create an equal and opposite moment. The E387 Airfoil obtained from
Summary of Low-Speed Airfoil Data, Volume 3 satisfied this requirement. The aitfoil
provides the required C; and is flat on one side, which means no opposing forces would be
produced and the vertical surface could be mounted easier. This stabilizer was mounted on
The Lisa B to create lift in the downward direction. The performance data for the E387 is
shown in Figure 4.2. The force created by that lift multiplied by the moment arm from the
quarter-chord of the main wing to the quarter-chord of the stabilizer cancelled out the
moment created by the main wing alone. This allows for a balanced aircraft and greater
elevator control. The geometry of the stabilizer was based on the required area to produce
the above-mentioned moment. The actual aspect ratio was based on construction
considerations alone.
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Simply dividing the horizontal surface in half chose the vertical stabilizer’s dimensions. This
was decided on because there were no readily available equations for vertical surfaces. Local
R/C designers confirmed that this estimation would be adequate for the design. To improve
the efficiency of the vertical tail, the NACA-0012 airfoil was used in its construction. Since
this is 2 symmetrical airfoil, it creates lift equally in both directions, giving it more control
then if just a flat surface was used.

4.4 Power Plant

The motor, controller, and batteries ar. the power systems of The Lisa B; it was also among
the most important design considerations. Since this year the batteries were limited to 5 Ibs.
of NiCad batteries, setious consideration was given to finding an efficient motor and
batteries. Two types of batteries were considered. The first, NiCad 5400mAh batteries,
were considered for their high capacity. Since any motor that would power The Lisa B
would drain any battery quickly, large capacity was required for adequate flight time. The
downside to these batteries was theit weight. Only 14 cells could be used, thereby reducing
the available voltage. This would create a need to increase the current to maintain the same
required power. The current needed to do this exceeded all available motor and speed
controller specifications. The final batteries chosen were NiCad 3000mAh cells. These have
less capacity, but due to their size, 24 cells could be used. This provides sufficient voltage
and current for the motor and speed controller.

The next consideration was the motor. There was only one company that could supply a
motor with the power and efficiency required: Aveox. Listed in Table 4.4 is the
performance data for the two Aveox motors considered, the 1415/2Y and the 1412/2Y. It
was clear that the Aveox 1415/2Y motor performed better for the aircraft’s requirements.
The motor is also equipped with a 3.7:1 planetary gearbox to bring the RPMs down to the
requited level. On the loaded laps during take-off, the motor will be doing the majority of
its wotk and drawing the most current. The 1415/2Y motor would allow The Lisa B to get
to cruise altitude under the current ratings of both the motor and speed controller. Only the
H260 controller would work with the 24-cell count and the two different motor options.
This controller can run at 60 amps for one minute and 100 amps for ten seconds. These
parameters dictated propeller size and thrust for the motors. As a margin of safety, the
motor would not pull over 60 amps at any point in the contest.

4.5 Landing Gear

Many different ideas went into the design of the main landing gear. If the wheels were
spread too far apart, the ground handling would be erratic and unpredictable. If the gear
span was too small, the plane could easily tip over. Straight aluminum struts connected to
the outer edge of the wing spar were first considered. This design would eliminate the
excess weight in 2 bow-gear design. Aluminum was chosen because of its high strength-to-
weight ratio and ease of construction. After further examination it was found that the forces
experienced by the wing spar would be large and designing it to handle such loads would add
unnecessary weight. The design changed to an aluminum bow that would connect to the
joiner via aluminum L-brackets. This was considered the best connection point because it
allowed for the entite load experienced during landing to be distributed to the joiner and
spat, which were the strongest parts of the airplane. Two 5-inch, inflatable wheels were
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chosen as the main gear wheels because of their low weight and impact absorption
characteristics.

The custom nose landing gear was attached to the plane through a single block of wood that
attached to the front bulkhead. After additional research and some advice from R/C experts
it was found that the single block of wood would not be enough to handle a rough landing.
It was also found that the custom-designed landing gear was not able to turn well due to the
excessive loads upon it, nor did it absorb much of a load. The Robart Company produces
several specialized landing gear. The Robostrut 625 model is rated for aircraft up to 55 lbs,
this was the gear installed on The Lisa B. Clamping an aluminum tube over the existing
shaft extended the gear to the height required. It was attached by gluing two thrust bearings
to two blocks of wood and to the aluminum shaft, one in the center and one at the top,
which would be more than adequate for the expected loads. The servo was easily attached
to the shaft using two servo arms. In order to reduce the load on the nose gear servo, a
roller-blade wheel was used because it doesn’t deform when a load is placed on it. The
Robostrut’s excellent suspension capabilities out-weighed the need for extra absorption by
an inflatable wheel. '

4.6 Figures of Merit

Handling

Ease of Construction
Weight

Efficiency

The handling characteristics of the plane were crucial in its design. A simple configuration
would provide the easiest flight handling traits. The motor is not over-powered for the
amount of weight it is carrying and the control surfaces are adequately sized for stable
maneuvers. It was decided eatly on that simplicity would make a successful plane.

Weight is an obvious consideration. It dictates how well the aircraft can petform and how
all components need to be sized. There were a number of elements that had to be accepted
regardless of their weight, but there was several items there were optimized to save weight.
Several carefully planned holes wete cut in bulkheads to cut down on material and still
maintain strength requirements. Minimum structure was used where strength was not a
factor and areas requiring high strength were placed together to cut down on heavy
materials.

The motor was the key to efficiency; it had to make a limited power supply last as long as
possible. Designing the plane to be aerodynamically sound and light helped the motor
overcome much of the drag. Efficiency was also considered in the construction. It was well
known that regardless of the design, The Lisa B would take longer to build than expected. It
was necessaty to be prepared in the construction process to make room for unexpected
delays.
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Table 4.1 —

Airfoil Comparisons from Theory of Wing Section (Re = 3 x 10°)

Airfoil o for C, = .84 Cp C_ Max o @ C, Max
4412 4.5° .0120 1.40 13°
4415 5.0° .0135 1.30 12°

65,-618 4.0° .0150 1.20 16°

64,-618 4.5° .0135 1.30 15°

63,-618 4.0° .0130 1.30 14°

63,-615 4.0° 0110 1.40 12°

64,-412 5.0° .0125 1.35 12°

64,-415 5.0° .0135 1.30 13°

64,-418 5.0° .0140 1.25 14°

64,-618 4.0° 0140 1.30 15°

65,-412 4.5° .0125 1.30 11°

65,-415 5.0° 0140 1.25 13°

Table 4.2 —
Airfoil Comparisons from Summary of Low-Speed Airfoil Data, Volume 3 (Re = of4.0 x 10° )

Airfoil a for C_ = .84 G C_ Max o @ C, Max

SD7062B 4.0° 015 1.65 15°
SG6043 1.0° .008 1.62 14°
USNPS-4 3.0° .0095 1.6 14°
Table 4.3 —
Flap Performance Data (S7012B w/flap data at Re= 3.0 x 10°)
Flap Deflection C, Max
OO 1.1 0
2.5° 1.20
15° 1.90
20° 2.29
250 2.59
Table 4.4 —
Motor Comparison

Motor Max Prop Size | Thrust | Current Draw Battery Life

1412/2Y 147x8” 198 oz. 58.4 amps 2.9 min

1415/2Y 16”x8” 215 oz. 55.4 amps 3.1 min
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Figure 4.1 -
Characteristics of the SG6043 Atrfoil (Main Wing)

E387 (C) (J. Robertson)
Spring '97 data set

© Re = 60,000 VvV Re =300,000
@ Re = 100,000 ® Re = 460,000
4 Re = 200,000

Cy o (deg)

Figure 4.2-
. Characteristics of the E387 Airfoil (Horigontal Stabilizer)
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5.0 Detail Design ‘

An Excel spreadsheet was created to calculate the aerodynamic characteristics of The Lisa B
at various speeds. Appendix B lists all formulas used in the creation of this design tool. The
main section of the spreadsheet (Appendix C) contains all of the user-defined data for
aircraft geometry and desired cruise conditions. A second section calculates drag at different
speeds and displays the results on two graphs. These results yielded take off, cruise, and
stability characteristics.

5.1 Flight Performance

J.1.1 Take-Off 4

The RFP states that the aircraft lift off within one hundred feet. The aircraft calculations
were done on a requirement of less than ninety feet to allow for a margin of error. The take
off speed is the stall speed multiplied by a safety factor of 1.2. Since The Lisa B is designed
for a range of payloads, the take off speed must be calculated for each weight. For the
calculations several assumptions regarding drag and rolling resistance were made. The
average parasite drag for all speeds was used and the rolling resistance due to the landing
gear on take-off was neglected. The thrust required was also calculated using the take-off
distance, mass, and resistances.

Table 5.1 gives the results for the expected range of weights. For the unloaded lap it was
found that a thrust of 4.4 Ibf is needed to reach the take off velocity of 22 mph. For a full
load of eight litters it was found that the static thrust required to reach a lift off speed of 31
mph was 17.4 Ibf.

The next phase of flight is a climb and acceleration to the cruise altitude and speed. The
cruise altitude for all laps is 30 ft. From the course diagram in the RFP it was known that
the first turn is 500 ft after the start line. After lift off there would be approximately 450 ft
before the first turn. The climb rates and cruise speeds varied with different weight
configurations. For the unloaded lap the optimum cruise speed was found to be 38 mph. A
climb rate of 2.90 ft/s and a thrust of 4.51 Ibf is needed to reach this speed and altitude. For
the full load of eight litters the optimum cruise speed was found to be 51 mph. A climb rate
of 4.00 ft/s and a thrust of 10.9 Ibf is needed to reach this speed and altitude. Table 5.2
gives the results for all expected weight ranges. All calculations were made using the
spreadsheets in Appendix C.

J.1.2 Cruise

Once in cruise, The Lisa B will have to make two 180-degtee turns and a 360-degree turn.

These turns will be done at a constant bank angle of 30 degtees, resulting in 2 G-loading of

1.2. Since all turns are at the same bank angle and speed, the total time turning will be

calculated as if the aircraft were making a 180-degree turn four times. The times required for

each weight configuration can be seen in Table 5.3. For the unloaded sortie, a 180-degree

turn will be completed in 10 seconds with a required thrust of 2.12 Ibf. For a full load of

eight liters, a 180-degree turn will be completed in 12.6 seconds with a required thrust of 4.2

Ibf. These values were all compiled on a spreadsheet using equations from Fundamentals of

Flight. .
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According to the RFP, the total length on both straight sections will be 1000 ft, for a total of
2000 ft of straight flight. Due to the fact that there is a 360-degtee turn halfway through the
backstretch all cruise calculations were done in increments of 500 ft. The results for all
weight configurations can be seen in Table 5.4. For an unloaded sortie, The Lisa B will fly
500 ft in 9 seconds with a required thrust of 1.90 Ibf. For a full load of eight liters, The Lisa
B will fly 500 ft in 6.70 seconds with a required thrust of 3.7 Ibf. Since more time is spent in
turns than in straight and level flight, the angle of incidence needed to be optimized.
Calculations from the spreadsheet in Appendix C showed that for the 180-degree turn, a C;
of 0.55 was needed, so an incidence angle of 2 degrees was built into the wing.

5.2 Electrical Components

J.2.1 Control Systems

The Lisa B uses rudder, elevator, and flaperons to maintain directional control in flight. In
addition, ground control is through a steerable nose-wheel. A Futaba 8 channel PCM radio
is used for pilot control. Futaba 3001 servos are used, providing more torque than is
available from the standard servos. To compensate for the power drawn by the number of
servos and the resistance losses in the long setvo leads, a high-capacity 5-cell receiver battery
pack was used. This will prevent the receiver from shutting off due to low power.

Due to the requirement for a high coefficient of lift on loaded takeoffs, it was decided to use
full span flaps to increase the lift of the wing. By using flaperons, the same surfaces are also
capable of petforming operations for roll, saving a pair of servos. One servo is required for
the flaperon on each wing. Computer mixing on the radio is required to blend the operation
of the flaps and ailerons, and this is easily accomplished with the computerized radio. The
servos are mounted on the rib nearest to the center of each flaperon. Servo placement is
illustrated in Figure 5.8.

One servo each is used for the rudder and the elevator. The similarity of these structures
allows for nearly identical mountings for each servo. The servos are mounted between the
two spars in the control sutface with only the control arm exposed to the free-stream air,
minimizing the drag penalty. Control rods and horns are off-the-shelf heavy-duty R/C
products.

J.2.2 Power Plant

The Rated Aircraft Cost factor virtually dictates a single motor to avoid excessive cost
penalty. The motor selected was the Aveox 1415 /2Y. This motor is one of the most
efficient electric motors available, and is capable of handling the current required to produce
more than 15 Ibf of thrust. The motor is geared down by a 3.7:1 gearbox and drives a
16”x8” propeller. This set-up gives a good combination of maximum static thrust and cruise
efficiency while minimizing the risk of drawing excessive current. The Aveox H260 speed
controller can handle 60 amps continuously.

Twenty-four Sanyo N-3000CR cells in series provide power. The batteries are contained in a
compartment in the nose section and are assembled into three packs for flexibility. Asa
large amount of current is drawn at full throttle, it is expected that the batteries will heat
significantly. Cooling is through a series of air intakes on the side of the fuselage, allowing
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cooling air to flow over the battery packs. The exact location of the batteties can be
adjusted slightly to move the center of gravity of the aircraft to the desired location at the .
quarter chord of the main wing.

This combination of motor, speed controller, and batteries will provide enough flight time to
complete three loaded sorties and two empty sorties. For the performance calculations and
estimates of loading time, it is predicted that the ten-minute period will be enough time for
three loaded and two empty laps. This is an indication that the power system is propetly
matched to the aircraft for the expected mission.

5.3 Structural Details

J.3.1 Structure and Component Testing

To save time and money, it was decided to construct the airframe out of wood (see Section
6.1). Construction is of the semi-monocoque type, with plywood bulkheads and spruce
stringers supporting a layer of balsa sheeting. This assembly is wrapped with a layer of
fiberglass in certain locations for additional strength. A platform in the nose supports the
batteries and provides a mount for the motor (see Figures 5.2 & 5.3).

The wings are also of wooden construction. Balsa ribs are attached to a spar (Figures 5.4 &

5.5) consisting of two spruce caps with plywood shear webbing. A thick balsa beam on the

rear quarter of the wing provides the mounting surface for the flaperons. Several balsa

stringers and leading-edge sheeting help the wing maintain the aitfoil shape. The wing is

mounted to the fuselage by means of a birch and aluminum joiner beam (Figures 5.5 & 5.7)

that slides into the box shaped spar sections. The joiner is directly underneath the cargo bay .
and is connected directly to the landing gear to transfer landing impacts (see Figure 5.7).

The main spar 1s required to be the strongest portion of any airplane. As a result, much
effort was invested in the design and testing of the spar for The Lisa B. It was found that a
distributed load of 90 Ibs on each spar would simulate a 5G-loading, far greater than what
was anticipated. It was decided to use a top and bottom cap of spruce connected with
plywood shear webbing. Several variations of this theme were constructed and tested.

The first design had two spruce caps measuring 0.75” x 0.125”. The shear webbing created a
box (to contain the joiner; discussed below) for the inboard third of the span and a more
typical I beam for the remainder. When tested, this spar sample failed far short of the
required load. Analysis of the failure revealed a need for further improvements in the
transition of the structure between the I-beam and box sections. The structure was modified
to preserve the continuity of the shear loading throughout the span. Various other
combinations of spar cap and shear web dimensions were tried until a successful
combination was reached. The final spar caps are 0.75” x 0.25” spruce and the webbing is
0.0625” thick for the box section and 0.125” thick fot the I-beam. In addition, balsa triangle
stock was added to the I-beam and the box section wrapped in a layer of fiberglass. This
design was able to hold in excess of 90 Ibs; more than sufficient the for expected loading.

The first joiner tested was made from 0.5” birch plywood with a layer of balsa on the side to
allow for a snug fit into the spar box. The joiner is the piece that will transfer force from the
wings to the fuselage. When the final spar design was tested, the 0.5” plywood joiner was
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the first portion to fail. The design was revised to incorporate 2 solid piece of birch with a
piece of 0.0625” aluminum stock attached for added rigidity. This design was found to be
adequate for the expected loads.

J.3.2 Tail Section

The tail surfaces of The Lisa B were designed using the equations presented in Appendix B.
The sizing was not an exact process as long as certain minimums were reached. It was
decided that a tail larger than was required would enhance the stability and handling of the
aircraft, reducing pilot workload. The size of the horizontal stabilizer is slightly larger than
the area required to countet-act the moment produced by the airfoil section. A general rule
for R/C aircraft is that the vertical stabilizer be half the size of the horizontal stabilizer. This
simple rule was used on The Lisa B.

The structure of the tail surfaces is similar to that of the wings, the main difference being the
presence of two equal-sized spars. Both stabilizer surfaces are attached to the fuselage using
extended bulkheads in the tail. These bulkheads are 0.125” thick and protrude
approximately 8” above the top of the fuselage. Both spars in the vertical stabilizer ate
hollow and fit snugly over these bulkheads. The horizontal stabilizer’s spats also fit over the
extended bulkheads and the stabilizer it self is sandwiched in place by the vertical tail. Two
bolts hold the two stabilizers to the fuselage. The tail section is illustrated in Figure 5.6.

J.3.3 Cargo Bay

As mentioned earlier, the aircraft was designed to operate with a range of payloads from 6 to
8 liters. The bottles ate stored in two layers centered about the wing joiner section at the
quarter-chord. The bottom layer consists of four bottles, two wide and two long, aligned
axially with the fuselage. Two, three, or four bottles are then stacked on top of this layer.
Different shaped hatches fit over the top of the bottles to hold them in place. Due to the
different configurations of the top layer of bottles and the need for the hatch to fit snugly
over the bottles, three different non-load-bearing hatches are required. The hatches are
secured to the fuselage with Velcro straps. Various latching mechanisms were considered,
but Velcro was chosen on account of its simplicity.

J.3.4 Landing Gear

To facilitate easy ground handling, The Lisa B is equipped with tricycle type gear with a
steerable nose-wheel. The nose-wheel is a single wheel from a pair of inline roller-skates and
is mounted on a commercially available Robart 625 strut. The strut is mounted to a
bulkhead in the nose using several thrust bearings, and has a dedicated servo for steering.
The main landing gear is similar to the landing gear found on most simple R/C aircraft. An
aluminum bow is mounted to the wing joiner structure. This is flexible enough to cushion
landings without the use of separate shock absotbers. Thete are no brakes currently, but it
will be possible to add them if flight-testing reveals such a need. It is also possible to replace
the aluminum main gear with a composite bow to save weight, which will be done if time
allows.
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5.4 Stability Analysis .

Analysis on the modes of the aircraft was performed to predict stability characteristics. With
the knowledge obtained from the each mode of flight, accurate assumptions of the quality of
the aircraft’s flight characteristics were found. The stability and control analysis was
performed using the method of small perturbation theory found in the text, Flight Stability
and Automatic Control. Equations used in this analysis can be found in Appendix B.
Consequently, this analysis was intended to categorize and give a level of flying qualities for
the aircraft.

The response of the aircraft depended on the magnitude of the stability coefficients. These
results are presented in the Table 5.5. A calculated value for the frequency and dampening
of the short-period approximation was conducted. The results showed that for the more
important longitudinal approximation, short-period had a high frequency and was well
damped. These values suggested the aircraft would respond rapidly to elevator input. This
in turn, would increase the petformance in turbulent air conditions. The phugoid
approximation determined that the aircraft was a level-one aircraft. Qualification as a level-
one aircraft translates into sufficient flight qualities in the loaded and unloaded sorties.

bl

Table 5.1 —
Take Off Performance from Fundamentals of Flight
Take Off Velocity (mph) Thrust Required (Ibf.)
Unloaded sortie 22 4.4
6 Liters 28 12.3
7 Liters 29 13.9
8 Liters 31 17.4
Table 5.2 -

Climb to Cruise Performance from Fundamentals of Flight

Rate of Climb | Cruise Velocity | Thrust Required | Payload Fraction
(ft/sec) (mph) (Ibf) (%)
Unloaded sortie 2.9 38 4.5 0
6 Liters 3.7 48 9.1 39
7 Litets 3.9 50 10.0 44
8 Liters 4.0 51 10.9 47

Table 5.3 —
Flight Performance During 180° Turns from Fundamentals of Flight

Thrust Required (Ibf.) Time (sec)
Unloaded sortie 21 10.0
6 Liters 3.7 11.9
7 Litets 3.9 12.4
8 Liters 4.2 12.6
19




Table 5.4 —
. Cruise Performance from Fundamentals of Flight

Thrust Required (Ibf.) Time (sec)
Unloaded sortie 1.9 9.0
6 Liters 3.2 7.1
7 Liters 34 6.8
8 Liters 3.7 6.7

Table 5.5 —
Results of Stability Caleulations
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6.0 Manufacturing Plan ‘

When considerting construction materials for The Lisa B, the team members considered all
possible options and then narrowed them down to formulate a manufacturing plan.

The most obvious option was wood. Different types of wood would be used for different
patts of the airframe: birch plywood for bulkheads, spruce stringers on the fuselage and
wings, balsa wood 1ibs in the wings and for outer sheeting. All of the wooden parts would
then be covered in heat-shrink “monocote” fabric to maintain continuity of the shape of the
airframe. When several different colors of heat-shrink fabric are used on different parts of
the airplane, the pilot can more easily determine the orientation of the plane during flight
operations.

The next consideration was a carbon fiber composite design. This would have involved the
initia] design of the plane and the design of molds in which to “cook” the composite
structute for hardening. The internal structure of the airframe would include strong
composite spars and bulkheads, with some metal attachment hardware used to mate pieces
of cooked catbon fiber together. The outside of the composite airframe would be covered
in heat-shrink fabric or painted to lower parasite drag and increase visibility during flight
operations.

A foam-core design was also discussed. This would involve cutting the airfoil shapes with a
hot-wire foam cutter and shaping the fuselage and control surfaces out of foam blocks. The
foam airframe would then be coated in fiberglass or some kind of light fabric and epoxy
combination.

6.1 Figures of Merit

Cost

Ease of construction
Durability

Past experience
Availability of materials
Weight

Through the fundraising efforts of the team members, the necessary funds for a propetly
budgeted airplane were acquired through private donations, and corporate donation of
materials. Different types of wood from spruce to balsa were priced and wood design was
estimated to cost $400. Team members largely already owned the tools necessary for wood
construction. A carbon fiber design would cost more than $5,000 for the airframe, including
the carbon fiber itself and the machines and tools used for it’s construction. Material costs
for a foam core design were considerably lower, totaling $1000, again accounting for the
foam itself as well as the construction equipment.

Beginning in the days of the Wright Brothers, the traditional method of airplane
construction involves wood. The level of skill necessary for wood construction is minimal,
since a modeler is basically gluing one piece of wood to another while taking care not to .

29




adhere one’s fingers to the airframe. Since wood is easy to mill and drll, it is a simple matter
to correct construction inaccuracies. Wood’s simplicity also allows for on-the-fly design
modifications. Construction of catbon fiber is very difficult and time consuming because of
the layering and cooking time involved. If one actually manages to get past the cooling step,
then he or she is faced with the difficulty of working with cured carbon fiber. It is very hard
to mill and drill while still maintaining the intrinsic strength of the cured airframe. This
makes modifications extremely difficult. Foam core wings and fuselage are relatively easy to
make. A hotwire cutter can easily be used to shape these main parts of the airframe as well
as the other components. Foam is also very easy to modify during construction.

In the event of a crash, a wooden airframe could potentially be completely destroyed.
Depending on the seriousness of the crash and the actual point of impact on the plane,
entire sections of the plane would have to be replaced. Conversely, a primary advantage ofa
carbon fiber design is in its durability; although splintering inside carbon fiber layers are hard
to detect before total fracture. A foam core design would probably do very well in a crash.
The foam tends to keep the damage localized, rather than distributing the impact loads
throughout the entire structure. In many cases, damage to a foam core aitframe can be fixed
in a few minutes with packaging tape.

Each team member had worked with wood before. Visualization of design details would not
be hard because everyone had a working knowledge of how wooden frames work and how
loads are transferred from one section to another through joints in the woodwork. Two
team members had worked with catbon fiber in last year’s DBF competition. Poor planning
and even pooter communication led to that team’s demise, but another of their major
problems was the complete lack of experience in the use of carbon fiber. It takes time and
experience to make a catbon fiber design wotk. As with composites, the team members had
very little expetience in foam core design.

Wooden modeling parts and tools to implement its construction are available at any hobby
store. There are also several companies on the Internet that have a better selection of types
and sizes of wood. Materials for catbon fiber are not as readily available, however through
the proper channels, they can be acquired. The tools for building such a design are even
harder to come by. Many different types of foam can be ordered from various distributing
companies. It is not very hard to find.

The types of wood used in construction can control the weight of a2 wooden aitframe. One
must also consider the weight of the adhesives that are used to bind the wood together. A
wooden airframe (without landing geat) was estimated to be about 13 lbs. The composite
design, being considerably lighter would have come out to 11 Ibs. A foam design, since the
entire fuselage and wing volume is filled with foam, would have been heavier at an estimated
17 Ibs.

Based on the results of Figure 6.1, 2a wooden design was chosen because of its availability,
low cost, ease of use in construction, and relatively low weight. The team decided that these
advantages fat outweighed the disadvantages. A large deciding factor was flight practice for
the pilot. The airplane need to be completed several months before the competition so that
the pilot could get as many hours as possible flying it, as well allow time for modifications or
repairs after a crash.
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6.2 Manufacturing Processes

In order to save time, most main components of The Lisa B were manufactured
simultaneously. Throughout this time, each component was tested for strength (when
appropriate) and components designed to link together were periodically mated together to
insure compatibility.

6.2.1 Fuselage Construction

The design program AUTOCAD R174 was used extensively to insure cohesion between the
different components of The Lisa B. Ia the fuselage section, AUTOCAD R14 printouts
were used to cut bulkheads (see Figure 5.3) by pasting the printout onto 0.125” thick
plywood. Then, using a scroll saw, the bulkhead shapes were cut out, leaving notches for the
stringers to pass through, and cutting the middle out of most of the bulkheads in order to
save weight.

In order to make transportation of The Lisa B easier, the fuselage was designed to split into
two parts, the break taking place just aft of the cargo bay. So, the fuselage was built in two
pieces and when completed, was put together for flight. When all of the bulkheads were cut
out, the spruce stringers (which varied in length from 20” to 48”) were mated with the
bulkheads to form the fuselage shape. The distances between bulkheads had been
previously determined and during construction a full-scale side-view plot of the fuselage
made bulkhead spacing a simple matter. A small-scale version of this plot is in Figure 5.2.

The cargo bay was built the same way as the rest of the fuselage, except the bulkhead cutouts
were fashioned to accommodate the water bottles. Two “keels” were axially installed below
the water bottles to help transfer impact loads from the fuselage to the main landing gear.

In the front section of the fuselage, a battery platform and support structure for the nose
gear was installed. The platform is level with the ground and consists of a 0.125” thick
plywood platform, 2.5” below the top of the fuselage. The sections of the fuselage above
this battery platform are removable hatches to allow access to the battery packs.

High stress areas of the fuselage, namely the sections fore and aft of the cargo bay were then
covered in fiberglass, using cyanoactylate and epoxy as the adhesive matrix.

6.2.2 Joiner Construction

This strong composite member, shown in Figure 5.7 is made of two 0.25” x 2” x 36” pieces
of birch glued together, along with a 0.0625” x 2 x 36 aluminum bar glued sandwich style
to the wood. When the joiner was originally conceived it was clear that it must be very
straight; that is why the birch was glued face to face with the warping of the wood facing in
opposite directions. When glued together, clamps and weights were used to keep the
member straight. This eliminated the natural warping in the wood. The aluminum bar was
adhered to the wood with JB Weld to add to the member’s stiffness.

The joiner is the most important component of the entire plane because it transfers the

weight of the airframe to the wings in flight. In solidly attaches to the bulkhead in the center

of the cargo bay, and protrudes about 15” out from each side of the fuselage to .
accommodate the wings. Each wing’s main spar is hollow, so the joiner may slide down the

31




length of each spar. At the end of the joiner is an access panel in the wing so that two
screws may pass through the joiner and the spar, thus keeping the wings from sliding off of
the joiner. These sctews also help reduce wing oscillations that may occur during flight.

6.2.3 Wing Spar Construction

Even before the airfoil had been chosen, the team members were working on ways to
fabricate the main spar. The final design, shown in Figure 5.5, is a combination of a hollow
beam (to accommodate joiner attachment) transitioning to an I-beam. A 0.25” x 0.75” spar
cap runs the length of the entire spar on the top and bottom. Beginning from the wing root,
plywood shear webbing on each edge of the spar cap run from the wing root, moving 18”
outward, forming a box-shaped beam. At this point, the spar transitions into an [-beam.
Here, the shear webbing was installed in the middle of the spar caps, forming the I-shape.
To reinforce the transition point, the I-section and the box-section ovetlap, with two pieces
of 0.28125” thick plywood filling the gaps between each piece of shear webbing. For the
remaining length of the wing spat, the I-beam is reinforce on top, bottom, fore, and aft sides
by triangle stock which helps hold the I-beam perpendicular to the spar caps. Once the spar
was built, the wing was built around it.

6.2.4 Wing Construction

A warped wing does not have good flight characteristics, so a jig was built to help keep the
wings straight during construction. The tibs were cut out using an aluminum mold to help
maintain a consistent airfoil design. The ribs were then set up on the jig, along with the
completed wing spat, which is located on the quarter chord. In order to accommodate the
needed structural continuity of the spar, the airfoils were cut nearly perpendicular to the
chord, so that when they were glued to the spar, the desired airfoil shape was still obtained.
The stringers, running parallel to the main spar, were made out of 0.125” x 0.125” spruce. A
leading-edge-shaped piece of balsa was obtained for the front edge of each wing. Wing tips
were sanded down from 2” x 2” blocks that were glued to the end of each wing.

At this point, in order to strengthen the main spar even more, fiberglass was applied to the
box-shaped beam section of the spar. Again, cyanoacrylate and epoxy were used as the
adhesive matrix.

The area from the leading edge to the quarter chord was then sheeted with 0.0625” thick
balsa. The flaperons made up 20% of the length of the chord. They were built at the same
time as the wings and were attached using cyanoacrylate hinges. The completed wing is
shown in Figure 5.4.

6.2.5 Stabilizer Construction

The horizontal and vertical stabilizers, as shown in Figure 5.6, were built at the same time to
ensure cohesion between these two parts. Both were built from 0.0625” thick balsa ribs with
0.125” x 0.125” spruce stringers. The vertical stabilizer has two slots, bordered by 0.0625”
thick plywood to accommodate the attachment struts that are attached to the rear of the
fuselage. Likewise, the horizontal stabilizer has similar slots so that it may slide onto the
attachment struts. Neither piece was sheeted with balsa, but heat-shrink fabric was applied
to the outside. As with the flaperons, the elevator and the rudder were attached with
cyanoacrylate hinges as well as plastic Robart hinges.

32




6.2.6 Landing Gear Construction
The main landing gear was fabricated out of a 2” x 0.25” x 40” piece of 6061 aluminum .
stock. After taking appropriate measurements to ensure an acceptable ground clearance, the

aluminum bar was bent in four places (see Figure 5.7). The two wheels for the main gear

were then attached to the fuselage via two L-brackets attached to the joiner inside the

fuselage. The 5” diameter inflatable wheels were then attached to the vertical faces on the

ends of the aluminum bar.

The nose gear consists of an 11 aluminum tube with an outer diameter of 0.75” and an
inner diameter of 0.625”. One end of this tube was mated to an apparatus of bearings and
wood blocks that attached the nose gear to a forward bulkhead. At this attachment point, a
control arm extends from a horn on the landing gear to the servo arm, forming a way to
steer the plane on the ground using the nose gear. At the other end, a landing gear strut
from Robart was inserted into the tube. This strut has internal suspension and since it is
hose-clamped to the aluminum tube, the height of the nose gear can be altered if necessary.
The nose wheel is a hard roller-blade wheel that was attached to the strut using hardware
provided by Robart.

6.2.7 Motor Mount

The Aveox 1415/2Y motor was mounted on the nose of The Lisa B by means of a plywood

platform that extends out of the foremost bulkhead (see Figures 5.3 & 5.8). A half-

cylindnical block of wood reinforces this platform, with the rounded side facing downward,;

and two of the flat faces firmly glued to the platform and the forward bulkhead. Two small

cross sections of a bicycle inner-tube were wrapped around the motor itself, and the motor .
was secured to the platform with two hose clamps. The speed controller was mounted to

the side of the fuselage with Velcro straps. These components were mounted on the outside

of the fuselage to allow as much air as possible to flow over them, facilitating cooling.
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. Table 6.1 —
Manufacturing Figures of Merit

Weighted Score [Figure of Merit 1 2 3
2 iActual Cost 2.0 0.5 1.0
2 Ease of Construction 1.7 0.8 1.5 .
2 Durability 1.0 1.5 1.9
2 Past Experience 1.8 1.0 0.8
1 Availability of Materials 1.0 0.3 0.3
1 Weight 0.8 0.9 0.5
10 Totals 8.3 5.0 6.0

1 — Wooden Construction
2 — Composite Construction
3 — Foam-Core Construction




5-Mar-00
24-Feb-00
14-Feb-00
4-Feb-00

25-Jan-00 1

15-Jan-00
5-Jan-00
26-Dec-99

16-Dec-99 1
6-Dec-99 1

26-Nov-99

l —®— Scheduled Completion —#— Actual Completion

Figure 6.7 —

Manufacturing Timeline

Milestone Scheduled

slsoianidvaNoaren

19

3-Dec-99
12-Dec-99
18-Dec-99
18-Dec-99
20-Dec-99
21-Dec-99
30-Dec-99
30-Dec-99
30-Dec-99
31-Dec-99
4-Jan-00
6-Jan-00
8-Jan-00
11-Jan-00
15-Jan-00
16-Jan-00
29-Jan-00
30-Jan-00
1-Feb-00

Completed Milestone Description

5-Dec-99
11-Dec-99
17-Dec-99
18-Dec-99
19-Dec-99
21-Dec-99
29-Dec-99
2-Jan-00
3-Feb-00
30-Dec-99
4-Jan-00
5-Jan-00
7-Jan-00
9-Jan-00
1-Feb-00
10-Feb-00
28-Feb-00
28-Feb-00
28-Feb-00

Prototype Spar

Working Spar

Wing

Empennage

Cargo Bay

Mate Cargo Bay and Empennage
Mate Joiner and Cargo Bay
Front end

Batteries and motor

Mate wing to fuselage
Winter quarter begins
Attach control surfaces
Radio systems

Main gear

Nose gear

Radio ground testing
Systems integration
Ground testing

Maiden voyage
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Optimization Spreadsheets and Scoring Estimates
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Appendix B

Performance Equations




B.1 General Performance Equations

Planform = Span * Chord

AR = Span
Chord
c=k‘/cnuk

Re = v

W

CL = 1
—Spv?
2

Cpy total = Cp, wing + Cpy, tail

c,’

Cpi=

"7 TA Re

Cbrotal = CDp total + Cp;

Svertical = height*length

Stuselage = length*diameter*n

V *length
Reyeicq = 181
Y
V *length
Refuselage = ML LG
Y
Ch = 664
Re,
074 1700
Crr= —— -
Re,” Re;

Dy vertical = -5*p*¥V*Sy*Cy
Dp fuselage = «5*p*V2*Sf*Cff
C L tail
Comi= — am
PHT TeAR

Sy = span*chord




Di = .5*p*V2*Sy*Cpy
Tail Lift = .5*p*V2*Cp*Sy

Mw = .S*CMw*p*Vz*Sw*c + (.S*CLw*p*Vz*Sw*x) x = distance from quarter chord to
CG

Muy= .S*CLH*p*Vz*SH*iH*n 1y = distance from CG to quarter chord of tail
Mcg =Mw + My

D; = .5*Cp;*S*p*V? + Dj tail

D, cruise = .5 * p * V2 * Cpyom * S + Dy vertical + Dy fuselage

Diotat = Di + Dp cruise

Dp LO = .5%p* Cpyp o * S*V10

Diotat LO =D; + DpLO

L/D = W/Dota1

Teruise = Deotat

Powerreq. =T *V

a
TLO=W=* |

e

accel = V2 o/(2*AX)

V.o w
T 5*CLmax*S*p

VLO=12*V,




B.2 Sortie Performance Calculations

B.2.1 Take-Off

v w
T 5*C‘Lmax*S*p

VLO = 1.2¥V,

accel = T*32.2/W

Dist. = Vio2/(2*a)

) ,2 * Dist
Time = 4| ——
a

B.2.2 Climb
o = climb angle = arctan height
length
v, -v?
accel = —L—1—
2*length
' *
T for accel = W Zaccel
322

Tiotas = T for accel + Treq

-4

—V,.+\/Vf

accel

(~length)

Time to climb = x = x, +V0t+5at2 =

accel




B.2.3 Turn

Lift = —
sin(bank angle)
Lift
CL= 1
—SpVv?
2
c,’
Cp = Cpp total + TA Re
2
Turn radius = 14
32.2*tan(bank angle)
' nv
Time = 2*32.2*tan(bank angle)

2
Treq =.5*Cp*V *S*p + Dp vertical Dp fuselage + Di horizontail

B.2.4 Cruise

For Treq I just took the thrust required from the main sheet

Time = 500/Venise 500 = the distance of half the straight away

B.2.J Landing

W

Treq = Dtozal _E




B.3 Stability Calculations

B.3.1 General Stability

V. = Stail lH

5 ref
7 = - (CLa + CDO pSref

’ m
M = Cma QS ref ¢

a = ] I, is the moment of inertia in the y direction
y
. _-(C08.,)
’ mV.

==}

C, =-2ncC, VH(-Z-”—
q ar C

B.3.2 Short Period

Jzan
= -M,
V.

[~-}

nsp
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7.0 Lessons Learned

7.1 Team Management

The team had a simple philosophy in mind from the start of the project; don’t delay. Design
was started promptly in September, and the construction was done primarily during winter
break. Without a doubt, there would be some unforeseen delays. However, the team had
not taken into account the reliability (or lack thereof) of sub-contractors. It was assumed
that once a product was ordered, in a few days it would be available for use. This was not
the case when it came to the propulsion systems of the Lisa B. There were a total of twelve
weeks of delays, directly caused by the poor business practices of the manufacturer of the
propulsion system. There were many defects that necessitated the return of the product for
repair, as well as poor communication between the manufacturer and the team managers.
These unfortunate circumstances delayed the Lisa B’s maiden flight, and ultimately
shortened flight-testing time period from a predicted two months to approximately three
weeks.

Throughout the construction of the two models of the Lisa B, construction methods were
greatly improved. The first fuselage took three weeks to complete. The second one took
only four days. Every component that was built taught the team members new methods of
manufacturing subsequent components of the plane.

The cost estimations were also greatly underestimated. It was never thought that a model
airplane could cost as much as a new car. Shipping was greatly underestimated, as were
many of the unforeseen product needs that arose during construction. Back-up systems
were also not accounted for. After the trouble with the power plant, it was decided
redundant systems were absolutely necessary, thus doubling the cost of the most expensive
parts of the airplane.

While it was known that money was going to have to be raised, the extent of the fundraising
campaign came as a surprise. Over fifty letters were sent out, many phone calls were made,
as well as many personnel contacts to fund this project. Money management became a
necessary and budgeting was essential to the success of the project. This yeat’s team was
very fortunate to have almost all expenses funded through corporate and private donations.
Many contacts were also made for the next yeat’s team.

Lastly, the value of teamwork was learned. This year’s team worked exceedingly well
together. Having been close friends before the project began made for a fun and productive
work envitonment. With only seven people on the team, everyone had to do his or her part,
though motivation was never a problem. Cleatly, a small group such as the current team
worked very well for a project of this size.




7.2 Performance . .

Through flight tests, it was found that some of the calculations used for predicting the Lisa
B’s performance had some flaws. The following three calculated performance parameters
had a drastic-effect on the Lisa B:

e ( max
e Take-off Thrust
¢ Drag

The SG6043 airfoil was chosen for its high lift coefficient of 1.6. The team was aware of the
existence of wingtip vortices, but unfortunately did not know about the effect they really had
on the wing, so the 2-D lift coefficient of 1.6 was used in all calculations involving the wing’s
performance. Through discussions with some professors of aerodynamics at Cal Poly, it was
found that the C, max, when moved from 2-D to a 3-D wing, would decrease by 20 to 30
percent. This meant that the C, max would be reduced to about 1.2. This drastically
changed the amount of water that the Lisa B would be able to carry, dropping from an eight-
liter capacity to a fout-liter payload. The actual amount of water that the plane would be
able to catry was eventually determined by flight-testing.

The thrust needed to take off with no payload was calculated to be 5 pounds. After the first
flight it was found that almost 10 pounds of thrust was need to take off. After talking to
some professors at Cal Poly, a new equation was acquired and implemented. The revised
calculations then showed that a thrust of a little more then 10 pounds was needed for take
off. The new equation was confirmed by the flight test, so the new equation was used for all
subsequent calculations. Although the new equation reports a thrust that is slightly higher
than needed, it showed what the Lisa B really needed to do to get off the ground.

The drag calculations for the Lisa B originally were lower than what the plane was actually
feeling. This caused inaccurate performance calculations for the thrust needed for climb,
cruise, and also affected take off. After some discussion, new equations were found and
used which gave numbers closer to the actual drag that the Lisa B produced. All drag
estimates were made conservatively as a small margin for error is necessary in any
performance calculation.




7.3 Design Modifications

After initial flight-testing, it was found The Lisa B was too heavy to perform within the
required flight parameters. The Aveox 1415/2Y motor did not perform as was originally
expected. To decrease the weight and increase performance, a second fuselage was built
with the following changes:

e Motor mount configuration was modified

e Battery configuration was modified

o Propeller dimensions wete increased to 18”x6”
e Lighter airframe

e Shorter fuselage

In the initial testing with the 16”x8” propeller, the motor generated exceedingly high
operational temperatures. After only two minutes at full throttle the motor had reached
unacceptable temperatures of 100°C. To correct the problem the motor mount was re-
designed to increase cooling airflow over the motor. Bicycle tubing, which had previously
been used to attach the motot, was removed. While it had been known that rubber would
insulate the motor, it was believed that enough of the motor remained exposed for sufficient
cooling to take place. However, after the removal of this tubing, the motor no longer
generated the high temperatures. The mount itself was also re-designed so it would have less
contact with the motor, allowing more contact with the cooling aitflow.

The battery configuration was changed from three stacks of batteries packs to two 12-cell
bats in a two-column configuration. This was done so the packs could be placed farther
back in the nose section of the fuselage. By doing this, the center-of-gravity was mote easily
placed at the quarter-chord without the use of counter weights in the tail section. In
addition, with the batteries packed so the positive and negative terminals butted up against
each other, there was less power-loss between cells.

The propeller initially used, 16”x8”, provided a good testing data for the first flights.
Howevet, it only produced 10 pounds of thrust, not nearly close enough to what was
required. With the change to an 18”x6” propellet, 50% more power was obtained with justa
very small increase in current draw.

The biggest and most important modification was in the construction of the fuselage. By
using plywood half the thickness of the original bulkheads and by decreasing the length of
the fuselage by 16 inches, over 5 pounds was cut from the original design. Since each bottle
weighed 2.2 pounds, this modification allowed two additional bottles to be carried. It was
decided not to reduce the frontal cross-section of the fuselage to better accommodate only
four bottles, due to time constraints. The Lisa B was known to be stable aircraft, and a
drastic re-design would have risked the unintentional creation of an unstable design, and
with April looming in the near future, the team decided to make only the previously
mentioned modifications and nothing more.




8.0 Rated Aircraft Cost

In previous DBF competitions, the real cost of the aircraft was documented in the
addendum phase of the report. For the 2000 contest, a Rated Aircraft Cost model was
provided by ATAA to help establish common cost analyses between the different teams.

This allowed teams to more accurately document the cost of the respective aircraft, as well as
introduced a reliable method of including aircraft cost in the scoring of the contest.

Below, in Table 8.1, the Work Breakdown Structure supplied by AIAA summarizes the
manufacturing hours needed to complete the Lisa B. The total Manufacturing Man Hours
(MFHR) is the sum of each Work Breakdown Structure (XWBS,), which added up to 128.56

hours.

The Rated Aircraft Cost of the Lisa B is summarized in Table 8.2. The empty weight of 18
lbs, the number of engines, the number of cells, and the total man-hours were the airframe-

dependent parameters; the remaining numbers are multipliers set forth by the contest rules.
The Rated Aircraft Cost of the Lisa B (in § thousands) is 5.811.

Table 8.1 —
Manufacturing Man Hours (MFEHR = SWBS.) of the Lisa B
Multiplier Parameter Total Hours
Wing 5 hr/wing 1 wing 5
(WBS,) 4 hr/sq ft 13.1sq ft 52.4
Fuselage & Pods 5 hr/body 1 body 5
(WBS,) 4 hr/ft length 6.54 ft 26.16
Empennage 5hr (basic) 5
(WBS;,) 5 hr/vert surface 1 vert surface 5
10 hr/horz surface 1 horz surface 10
Flight Systems 5ht (basic) 5
(WBS)) 1 ht/servo 5 servos 5
Propulsion Systems 5 hr/engine 1 engine 5
(WBS,) 5 ht/propeller 1 propeller 5
MFHR = 128.56 hours




\ Table 8.2
. Rated Aircraft Cost of the Lisa B

Multiplier Airframe-Dependent Parameter Value ($)
$100/1b. 18 Ib. 1800
$1/watt (1 engine)*(50A)*(1.2 V/cell)*(24 cells) 1440
$20/hr 128.56 hr 2571.2
Total Value (§) 5811.2
Rated Aircraft Cost ($ Thousands) = 5.811
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Section I

Executive Summary

The production of adequate lift to minimize takeoff distance and maximize payload
capacity was the major driving design parameter. To produce an aircraft that has a
limited wingspan and limited amount of power available, lifting surface configurations
took the highest priority in the design research. Larger wing area would reduce the wing
loading, thereby decreasing the stall speed. Since a lower stall speed decreases the
takeoff speed, less power is required during the takeoff run. Takeoff is the active
constraint when sizing motor power so a smaller motor can be used. The decrease in

weight results in less required lift.

Several configurations were chosen for evaluation based on historical cases, namely the
tandem wing, canard, conventional biplane, conventional monoplane and flying wing.
Primary concerns were lifting area, flight stability, airframe strength, ease of construction

and propulsion integration. Other lesser concerns included maneuverability and drag.

The team selected the canard configuration during the conceptual design. The possibility
was left open for a three-surface configuration. It was believed that a stable, controllable
aircraft could be made with the canard or three-surface aircraft. Historical examples of
these types of aircraft were cited, particularly ones that use a large canard. Both model
and full size aircraft in these configurations have been flown successfully. Andy
Lennon’s Wild Goose and Henry Mignet’s Flying Flea are examples of successful large-

canard configurations.

During the preliminary design phase, the airfoil was chosen for both wings, the fuselage
layout was constructed and motor research was conducted. During the latter part of the

preliminary design phase, a twin fuselage concept was suggested. After a short time of
weighing the advantages and disadvantages of the new configuration it was decided that
the twin fuselage was a more advantageous design and it was adopted. By moving

weight to the outer wings, the moment is reduced on the spar. It also provides a natural




roll damping and reduces drag by increasing the effective wingspan. It was decided that

the extra cost applied due to the second pod was outweighed by the advantages.

Detailed design included structural layout of the aircraft, final motor and battery selection
and final sizing of control surfaces. It was decided that a hot-wire foam cutting
technique would be the easiest manufacturing method and would produce accurate
wings. A hot-wire cutter was constructed and tests were carried out to confirm its
validity as a construction technique. The hot-wire method produced wings that were
within design tolerances in planform and cross-section. The wings were constructed of
Styrofoam with a Kevlar-reinforced poplar spar. The fuselages were made primarily of
poplar plywood. Nose and tail cones were constructed from Styrofoam and reinforced
with fiberglass. Two Aveox 1412/5Y motors were selected for propulsion. Forty sub-C
NiCad cells were to be connected in series with the two motors. The final aircraft had a
payload capacity of 8 liters, a canard configuration and two vertical fins (one on each

fuselage).

1.1 Design Tools Used

Several computer-based design tools were employed to aid in the different stages of the
aircraft development. Among them were:

e Microsoft Excel

e Capable Computing MotoCalc

e Computervision DesignView

e Ashlar Vellum 3D

e Martin Hepperle’s Calcfoil

e ILaminar Research X-Plane

Microsoft Excel was used to compute lift and drag data, set up center of gravity

calculations, and size the tail fins and control surfaces.




Motocalc provided an extensive and accurate analysis of different motor and battery
combinations that took into account variables such as aircraft weight and drag, the
number and type of battery cells, the number and type of motors, the type of motor
controller and the diameter, pitch and brand of prop. Motocalc was compared to Aveox’s
virtual test stand and was found to produce results that were within 10% when given
similar data. Motocalc’s results underestimated thrust when compared to the virtual test

stand.

DesignView is a parametric 2-dimensional drawing program that was used for wing and
fuselage layout. Its programming features allowed for the resizing of the airframe by a
simple change of one dimension. It was also used to calculate the neutral point for the

aircraft.

Vellum 3D was used to provide a 3-dimensional view of parts to be constructed. It aided

in the construction process by providing a real-life simulation of part fitting.

Calcfoil is a web-based code created by Martin Hepperle that provides airfoil analysis
including C-Cp curves and Cp-alpha curves. The validity of Calcfoil was confirmed by
running airfoils at similar Reynolds numbers to those tested at University of Illinois at
Urbana - Champaign. Calcfoil was within 10% and tended to underestimate the lift and

over estimate the drag for a given angle of attack.

Laminar Research X-Plane is a software package that provides a design environment to
create an aircraft and a flight simulator to test the aircraft. The software allows for the
entry of drag data; airfoils; wing, fuselage and empennage geometry; center of gravity
and propulsion placement and size. Using blade element theory the code breaks the
aircraft down, performing aerodynamic calculations 15 times per second. The code also
includes data output that allows the designer to see the motion of the aircraft. Several
variables can be output to determine the stability and performance of the design. Also,
many different aircraft views are available to allow the pilot to fly the aircraft from the

exterior. The program was used to train students in the operation of model aircraft.
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Section 11

Management Summary

The Clarkson University Design Build and Fly team was broken down into various parts
related to the aircraft’s design. The team leader was Matthew Duquette. The sub-teams
were Controls, Structures, Propulsion and Aerodynamics. While each group within the
DBF team was responsible for it own specific aspect of the design, much communication
and discussion occurred between groups, and everyone was responsible for the final -
design and the construction of the aircraft. A milestone schedule and completion chart

can be seen in Figure 2-1.

The Controls team was primarily responsible for the control surfaces, center of gravity

and flight control of the aircraft. Dave Kametz headed this team.

The Structures team was in charge of the shape and internal design of the wing spars and
the fuselage. The team evaluated various shapes and the materials needed for

construction. J. Wayne Braun lead the structures group.

The propulsion group, led by Glen Whitehouse, was assigned the task of deciding what
engine, what propeller, battery and gearbox should be used on the aircraft. They were
also in charge of choosing the propulsion method, i.e. ducted fan, ducted prop or

conventional prop.

The aerodynamics team was broken down in a similar method to the previous groups, and
was responsible for the shape of the aircraft and the airfoil sections used in the canard and

the main wing. This team was lead by Mark Harrison.




5/4/00

3/15/00
£ 1/25/00
(]
.5 —a— Desired Completion Dates
Lg —a— Actual Completion Date
§ 12/6/99
10/17/99 <
8/28/99 v T T -
0 5 10 15 20 25
Task Number
Event Desired Date of Completion  Actual Date of Completion
1 Begin Conceptual Design. 9/29/99 9/30/99
2 Concé'btual Design complete. Start Preliminary Design 10/20/99 10/25/99
3 Electronic entry form due ’ 10/31/99 10/31/99
4 Preliminary Design complete. Start Detailed Design . 11/17/99 11/20/99
5 Hot-wire Testing Begins 1/6/00 1/6/00
6 Hot-wire Testing Complete 1/8/00 1/8/00
7 Detailed Design Complete. Start Construction 1/9/00 1/16/00
8 Wing Construction and Control Surface Construction Started 1/16/00 1/23/00
9 Control Surface Construction Complete 1/23/00 1/30/00
10 Spar Construction Started and Completed 1/30/00 2/13/00
11 Fuselage Construction Started 2/6/00 2/6/00
12 Wing Construction Complete 2/13/00 2/20/00
13 Fuselage Construction Completed 2/13/00 2/20/00
14 Vertical Stabilizer Contruction Started and Completed 2/20/00 2/23/00
15 Landing Gear Construction Started and Completed 2/23/00 2/26/00
16 Final Assembly of Aircraft Started 2/26/00 2/27/00
17 Final Assembly of Aircraft Completed 2/27/00 3/1/00
18 Rollout. Testing begins 2/28/00 3/4/00
19 Wiritten proposal due 3/13/00 3/5/00
20 Testing Complete. 3/15/00 3/18/00
21 Addendum report due. 4/10/00 3/26/00
22 Leave for competition. ' 4/15/00 4/15/00

Figure 2-1  Milestone Schedule and Completion Chart
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Section III
Conceptual Design

The conceptual design phase was an iterative process. The competition requirements
were assessed and configurations were considered based on how well the team felt each

would meet the requirements. Several configurations were considered.

The configurations considered were as follows:
1. Biplane with a canard

Flying wing

Three surface

Monoplane with a canard

AT S

Classic biplane

The team felt that these configurations represented a sufficiently diverse pool of aircraft

to evaluate and that they had potential to meet the objectives at hand.

3.1 Design Parameters Investigated

The design parameters investigated were:
o Fuselage size

e Motor configuration

e Propulsion type

o Lifting surface design

e Landing gear
Fuselage size was a concern because a larger fuselage would generate more drag, but

would ease the layout of internal components as well as accommodate a full load. There

was also the possibility of optimizing the fuselage shape in order to generate lift.

-11-




Motor configuration was discussed because it affects the center of gravity and the

propulsion efficiency. Propellers configured to push tend to have higher efficiencies than
the tractor style propellers. However, using pusher propellers would likely use rear
mounted engines, which shift the center of gravity back, and this decreases stability.
Propeller ground clearance was another topic of concern regarding motor placement. The
motors must be placed so that the propellers do not strike the ground. Current losses due
to impedance would increase with longer wire lengths between motors and the battery
pack, therefore efforts were made to keep the distance between the motors and batteries a
minimum. Another consideration was the arrangement of the connection between
motor(s) and the battery pack. Analyses for batteries in series and parallel were

performed in order to minimize losses in the connections.

Different propulsion systems were considered. The team discussed using pusher and/or
tractor propellers, ducted fans, ducted propellers and thrust vectoring. These
configurations were evaluated using different numbers and sizes of electric motors being

considered. The configuration selected would have to be available commercially. In

order to optimize the propulsion system and use commercial products, a propeller was

decided to be used.

Airfoil selection was an important factor regarding lifting surface design. An airfoil with
high lift and low drag was desired. Wing planform and placement would also affect the
lifting efficiency. A large wing would reduce the loading per area, but increase drag.
Due to the weight of the fully loaded aircraft, a relatively large wing would have to be
used. High lift devices such as flaps and slats were examined. Carrying a payload of 8
liters of water would likely require a high lift system to take off within 100 feet as

specified in the competition rules.

3.2 Figures of Merit

The following items were considered in order of importance:

e High lift
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e Durability
e Stability & controllability
e Low airframe weight

e Ease of construction

Ground control was not considered a serious design issue. It was decided early in the

design process that the landing gear would probably be a steering nose configuration.

The team felt that high lift was of utmost importance in order to maximize the payload of
water to be carried and to take off in a short distance. The lift must be equal to the
weight of the aircraft for steady-state flight to be possible, and for takeoff the lift force
must exceed the weight. It was decided that a greater payload would help maximize the
team’s overall score as well as reducing the effects of the possible high winds acting on

the plane.

A durable aircraft will reduce the chances of damage on landing. If the plane is damaged
during landing it may not be possible to ferry the course once a sortie with the payload is
completed. It will be possible to fly more than one sortie with a payload if the plane

remains intact, which would increase the team’s score.

The aircraft must be inherently stable and controllable in order to fly it with success. If
the aircraft does not respond as desired it will be difficult to complete the course. With a

stable and controllable aircraft the probability of flying successful sorties is increased.

It will be beneficial to reduce the airframe weight as much as possible. The less the plane
weighs, the less lift is required, and less drag is created, therefore there is a smaller
required thrust for flight. This will increase the range and endurance of the aircraft

because less battery power will be used.

It was also decided that ease of construction was of significant importance. With a

reduced manufacturing time, the team has more time to resolve unforeseen obstacles in
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construction as well as time to test the aircraft. After testing, the aircraft could be

modified as necessary to ensure that it will meet the objectives of the competition. .

3.3 Rated Aircraft Cost

The aircraft cost was not a determining factor in the team’s choice of a configuration
since the costs were determined to be relatively similar. A flying wing had the lowest
cost, but it would not be worthwhile to reduce the cost and sacrifice the ability to meet

the contest objectives.

Configuration Cost (Thousands of $)
Biplane with a canard 8.90

Flying wing 8.30

Three surface 8.56

Monoplane with a canard 8.60

Classic biplane 8.90

3.4 Analytic Methods

The majority of the analysis was based on the methods described in R/C Model Aircraft

Design by Andy Lennon. These methods were used to help determine the center of
gravity, neutral point, aircraft configuration, and to perform a drag analysis. Andy
Lennon’s methods were preferred over the methods for conventional full sized aircraft
because the fli ght regime is much different between model aircraft and full sized aircraft.
Lennon’s formulae and rules of thumb are intended for small scale aircraft and have been
used with success, therefore his methods should provide adequate accuracy for this

design.

The aircraft configuration was chosen by using a weighted objectives table. Weighted
values were assigned to the figures of merit according to importance. The different
configurations were then given values indicating how well they met a particular FOM

and that value is multiplied by the weight value. The numbers were then totaled and the .
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aircraft with the highest score was chosen. The weighted objectives table is attached
following this section as Table 3-1. The monoplane with a canard for the horizontal

stabilizer had the highest total score of 161. Hence, this was the design chosen to build

for the competition.
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Table 3.1 — Weighted Objectives Table

FOM Weight

High lift 10

Durability 9

Stability & controllability

Low airframe weight

(220 RNl o)

Ease of construction

Definition of values

Very Good

Good

Fair

Poor

SAINWl SO,

Very Poor

Configuration High Lift|Durability | Stability & Control | Low Airframe Ease of Total
Weight Construction

Biplane w/Canard 155

Flying Wing 135

3 Surface 136

Monoplane w/Canard 161

INENESINIEG)
wln|n|on

FNEIENFNES
wiw|w|afw

AR R

Classic Biplane 145
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Section IV

Preliminary Design

Once the monoplane and canard configuration was chosen the preliminary design was
initiated. Two areas of the plane were the focus of the design: the wing and propulsion
system. The figures of merits used for the wing design were:

e Stall conditions

e Lift to drag ratio

e Thickness of airfoil

The figures of merit for the propulsion system were:
e Thrust generated
e Rated power

e Number of batteries used

These are the major points that were investigated for the design of the aircraft. The
empennage was also considered, but was not as rigorously studied because of the lower

impact on the overall aircraft.

4.1 Airfoil Selection

Airfoil selection and the wing planform were the focus for the wing design. First the
airfoil was selected. In order to select an airfoil that would meet the performance goals

~ of the aircraft, some preliminary calculations were made assuming a 7 foot wingspan and
chord lengths of both 1 and 2 feet. A stall speed of approximately 25-mph with a 0°
angle of attack was desired. Reynolds numbers of 300000 and 600000 were then

examined. A Cpmax of 1.8 was also necessary to provide the desired lift.
Airfoils where chosen from the University of Illinois online airfoil database

(http://amber.aae.uiuc.edu/~m-selig/ads/coord database.html). Several types of airfoils

were then analyzed using an online airfoil analysis code written by Martin Hepperle
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(http://beadec].ea.bs.dlr.de/Airfoils/). These airfoils included several NACA, Selig,
Clark, Drela, Gottingen, and David Fraser airfoils. Desired features looked at included .

an airfoil that had gentle stall characteristics, low drag, and a fairly high thickness to
chord ratio. The high thickness to cord ratio was desired to allow for room in the wing

for a spar, servos, batteries and radio equipment, as needed.

Several airfoils that performed close to what was needed were then further analyzed.
These included the DAE-11, the Selig 4180, the NACA 6412 and the NACA 6409
airfoils. The NACA 6409 was eliminated because it had the lowest thickness to chord
ratio which would result in a wing too thin to store radio equipment in as desired. The
DAE-11 and Selig 4180 airfoils where ruled out due to their sharp stall characteristics.
The NACA 6412 airfoil was then chosen for its higher Cr.« curve and its better drag polar
at high values of C.. As seen in Figure 4-1, the C, decreases smoothly after it stalls at an
angle of attack of 13°. This is advantageous when the plane does start to stall because
there is a better chance to recover control of the aircraft. Another aspect of the NACA

6412 is that the coefficient of drag did not increase very much for an increase in Cp. This

is beneficial because the lower the drag, the less thrust will be needed so there will be

more energy left in the batteries for a longer flight.

4.2 Motor Selection

The motor selection was the next step in the design. There were many restrictions to
consider in the motor selection process. The fact that the motors had to be electric and
commercially available was a main constraint. Another important limitation was the
five-pound weight limit on the battery pack, effectively limiting the power that the

motors could use.

A propeller/motor combination was chosen through computational and analytical
methods. Motocalc, along with manufacturer’s specifications, was used to evaluate the
combinations of engines, batteries, gearboxes and propellers. More specifically the

software was used to compare the AstroFlight 60 and the Aveox 1412/5Y motors for use .

-18 -




with the wing/canard design. After a brief analysis with different gear ratios and
gearboxes, it was decided that there should be no gearbox on the aircraft. Software was
used to evaluate propeller and battery configurations for each type of engine. The impact
of the number of engines was also evaluated. The engines were chosen to give an
optimal thrust while minimizing battery drain for the ten-minute sortie. Before the final
propulsion mechanism was chosen, the use of ducted fans and thrust vectored ducted
propellers were evaluated. The traditional propeller was chosen for its simplicity and

reliability. Also, at the given flight envelope propellers produce thrust most efficiently.

There were already two Aveox motors in the team’s inventory so the AstroFlight was
evaluated to determine whether the cost of a new motor (or motors) was worthwhile.
After a research period, the AstroFlight 60 FAI was determined to be the most suitable
competitor based on battery requirements, weight, and cost. The two motors were
compared with 12 X 9 propellers, 40 NiCad cells and no gearbox. Results from Motocalc
show that the AstroFlight produces thrust that is 10 % greater than the Aveox motor. The
AstroFlight draws approximately 10 additional amps compared to the Aveox. By
reducing the number of batteries to 32, the AstroFlight draws an equivalent current to the
Aveox. The AstroFlight weighs 9 ounces more per motor so the weight decrease from
the cells is overcome by the increase in motor weight. The number of cells can not be
increased since the maximum battery pack weight occurs at 40 sub-C size cells. Both
motors (at full throttle) perform in the 40 — 50 amp range at 0 mph with 12X 9
propellers. Figures 4-2 and 4-3 at the end of this section show the Motocalc thrust and
current draw analysis for the Aveox 1412/5Y and the AstroFlight Cobalt 60 FAL

Different propeller combinations were tested and the 12-inch diameter propellers
delivered the optimal balance between current draw and thrust. The motor controllers,
wires and motors were designed for less than 60 amps. The efficiency of the cells
decreases with an increase in current draw. Flight time is limited as a linear relationship
to current draw. All of these factors are taken into consideration. It was determined that

purchasing new AstroFlight motors was unnecessary. There was a marginal, if any,
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increase in thrust or propulsive efficiency. It was decided that two Aveox 1412/5Y .

motors would generate the thrust required.

Throughout the design phase meetings were held to layout the plans of the aircraft.
During one of theses meetings, a suggestion regarding the configuration was made:
aircraft performance might be improved if two fuselages were used, each on the end of
the wingtips. There would be several advantages with this concept. By having the
payload out on the wingtips, the weight would be better distributed, and would not affect
the center of gravity as much as the single fuselage. Also the moment of inertia would
increase making the aircraft more stable. By having a single uninterrupted wing, the lift
distribution is not disturbed by a fuselage. This would result in a more efficient lift
distribution. The fuselage on the wingtips also acts as an endplate so the vortices are
pushed farther apart, thus the induced drag is decreased. Regarding structures, creating
one solid wing is easier then two smaller sections, and there is an increase in the torsion
resistance and shear stress. The motors are easier to mount in the nose section of the two

fuselages than it is to integrate them with pods on the wings of the single fuselage

section. This lowers the cost function by not needing the pods. Having two

compartments for the payload will also shorten the length of the aircraft

There are some disadvantages with this design however. One of them is the fact that
there are two fuselages, which increases the cost function. With the single fuselage
configuration, the cost function was calculated to be 8.60, while the cost for the double
fuselage was 8.70. Though the cost function is greater, it was felt that the dual fuselage
was the choice that would give the better chance to achieve the mission objectives. The

full cost calculation can be seen in figures 4-4 and 4-5.

Few modifications were made to the baseline design of this new plane. In the first
concept a V-tail was going to be used, with the twin fuselage two vertical tails would be
used. These were easier to make, decreasing the number of man-hours used. Another
change was with the fuselage itself. The old concept had cylindrical fuselages while the

newer design was rectangular in shape, so they were easier to build.
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Characteristics of NACA 6412 Airfoil
(Re = 300,000)

np
th

\

Angle of Attack (degrees)

Figure 4-1

Characteristics of a NACA 6412 Airfoil (zero flaps)
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Figure 4-2 Motocalc Analysis of Battery Current (12 X 9 Propeller, 40 cells)
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Figure 4-3  Motocalc Anélysis of Thrust (12 X 9 Propeller, 40 cells)
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Cost Function

. REP

MEW

Number of Motors
Number of Cells
Motor Rated Power
Number of Propeilers

Wwing Area
No. of Wings

Empty Weight

Number of Fuselage + Pods

Total Length Fuse + Pods

No. of Vertical Surfaces
No. of Horizontal Surfaces

Number of Servos

A Empty Weight Multiplier
2 B Engine Power Muttiplier
40 C Manufacturing Cost Muttiplier
4800 Watts
2
Total MFHR 140 hours
14 sqft
] 3
Total Cost ]
10 Ibs
6 ft

<

Total Cost (A*MEW+B*REP+C*MFHR)/1000

MEW Airframe weight without payload or batteries

MFHR WING
FUSELAGE

EMPENAGE
FLIGHT 8YS

PROP. S8YS

.osi Function

REP

MEW

Number of Motors
Number of Cells -
Motor Rated Power
Number of Propellers

Wwing Area
No. of Wings

Empty Weight

Number of Fuselage + Pods
Total Length Fuse + Pods

No. of Vertical Surfaces
No. of Horizontal Surfaces

Number of Servos

Charge 5 hours per wing + 4 hours/sq ft area

Charge 5 hrs/body + 4 hours/ ft length

5 Hours for Empenage + 5 hours/ vertical surface + 10 hours/ horizontal surface
5 hours (basic) + 1 hour/servo

5 hours/motor + 5 hours/propelier of fan

Figure 4-4  Cost function for one fuselage
A Empty Weight Muttiplier
2 B Engine Power Muttiplier
40 C Manufacturing Cost Muttiplier
4800 Watts

) Total MFHR 145 hours

14 sqff

1

Total Cost

10 Ibs

2

6 ft

1

1

5

Total Cost (A*MEW4B*REP+C*MFHR)/1000

MEW Airframe weight without payload or batteries

MFHR WING
FUSELAGE
EMPENAGE
FLIGHT SYS
PROP. SYS

Charge 5 hours per wing + 4 hours/sq ft area

Charge 5 hrs/body + 4 hours/ ft length

5 Hours for Empenage + 5 hours/ vertical surface + 10 hours/ horizontal surface
5 hours (basic) + 1 hour/servo

5 hours/motor + 5 hours/propelier or fan

Figure 4-5  Cost function for two fuselages

-23-

10 §/lb
1 §/Watt
2 $/hour

100 $/b
1 §/Watt
20 $/hour




Section V
Detailed Design

5.1 Flight Analysis and Performance Predictions

Drag analysis was performed in order to predict longitudinal dynamic stability, power
requirements in cruise flight and takeoff distance. The drag analysis can be seen in its
tabulated form in Table 5-1. Fuselage drag data is based off a report published by Hewitt
Phillips and Bill Tyler, “Cutting Down the Drag.” A series of tests in an MIT wind
tunnel provided data for several model aircraft shapes. An interpolation between the
different shapes was used to estimate the drag coefficient for the fuselages of the aircraft.
Landing gear was assumed to be a flat plate. Vertical tails were considered NACA 0004
airfoils due the leaciing and trailing edge taper. Wing drag was based on 2-dimensional
wing theory as determined by Calcfoil, corrected for 3-dimensional effects. An
interference drag addition of 10% was added to the overall drag estimation. The
estimated drag in cruise flight at a zero angle of attack is approximately 2.9 Ibs at 35

mph. The drag was cross-checked using Motocalc’s built-in drag estimation feature.

Motocalc’s model is linﬁfed, not allowing for the analysis of a canard-wing. A model
was configured as a monoplane with an equivalent wing area of the canard-wing aircraft.
Despite the difference, Motocalc results showed drag within 10% of the analytic values at

stall speed.

The stall speed was a major concern throughout the design of the aircraft as it affects the
controllability, motor seléCtion, takeoff distance and turning radiﬁs. The stall speed was
determined using a stall speed equation as provided in Anderson’s text. With the full
payload of eight liters, The aircraft stalls at 23 mph in straight flight. Carrying no
payload the stall speed decreases to 16 mph in straight flight. Both of these estimates

assume a zero-flap deflection

A takeoff analysis, based on McCormick’s method, shows a zero-flap liftoff occurring at

approximately 73 feet. This is assuming a rotation initiation at a distance of 25 feet and a

constant rotation throughout the remainder of the takeoff run. This results in an angle of .
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attack between 7 and 7.5 degrees for both the zero flap and 20 degree flap case. The
analysis was performed using drag data obtained from the report mentioned above; drag
and lift data from Calcfoil, and the takeoff equation and rolling resistance values as
presented by McCormick. As calculated, the takeoff roll takes 4 seconds to complete.
With flaps deflected 20 degrees the takeoff reduces to approximately 70 feet. Takeoff
analysis shows that runway departure speed is approximately 1-2 mph higher than the
calculated stall speed. The analysis does not take into affect the drag reduction and the
lift enhancement from ground effect. The ground roll may be reduced by 5 to 10 percent

in reality due to ground effect. Table 5-4 shows the takeoff analysis.

Using turn analysis from Anderson, the turn radius at a load factor of 1.2 it is 64 feet. For
a load factor of 1.5 is 47 feet. Since stall speed increases by the square root of load
factor the stall speed in a fully loaded configuration increases to 25 mph at a load factor
of 1.2 and to 28 mph at a load factor of 1.5. The bank angle of a 1.2 g turn is 34 degrees.
That increases to 48 degrees at a load factor of 1.5.  This analysis was used in the flight
pattern analysis described below. A summary of the turning Analysis can be seen in

Table 5-2.

5.2 Flight Pattern

A power schedule was defined so that flight endurance on the installed battery pack could
be maximized. The analysis was based on the published flight course, the turning
analysis performed above and values that are obtained from the program Motocalc.
Amperage ratings were used to determine total battery draw to maintain both level flight
speed and turning radius. The course assumes a full throttle period of 20 seconds to
allow for ground roll and climb-out. Once at altitude, a turn to downwind is performed at
75% power and 1.2 g. Power is kept at 75% to build airspeed for the 360-degree turn.
The downwind 360 is performed at 85% power and 1.5 g. The final turn is performed at
25% power for 15 seconds and 1.2 g. The remainder of the flight is flown at gliding
power. The total power use during a single sortie is 26 Amp-minutes. The full capacity
of the 1800 mAh batteries is 108 Amp-minutes. The analysis is performed for a fully

loaded aircraft (8 liters). Twenty-four percent of the battery pack capacity is used in a
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single fully loaded water-carrying sortie. The total time aloft is estimated to be 1

minutes, 15 seconds. The estimated distance is 2700 feet. The course is flown at 30 .
mph except the takeoff run and the gliding phase to landing. An empty sortie would lack

the downwind 360-degree turns. This results in a flight path ‘tihat is 2400 feet. Since two

laps are needed for the ferry sortie, the total distance traveled is 4800 feet. Two minutes,

ten seconds are needed to complete the full sortie. The energy used is 43 Amp-minutes.

This is 40 % of the battery pack capacity. Hence, A full-load sortie and a ferry sortie

consume 64 % of the battery pack. By this analysis, the ﬂight periods can be performed

in a cargo-ferry-cargo pattern or a ferry-cargo pattern on a single charge. Endurance

calculations are included in table 5-3.

5.3 Stability Analysis

Control surface sizing was based on Lennon’s method. Nelson’s method was used to
compare values. Vertical fin, rudder, elevator, and aileron sizing is shown in tables 5-6

to 5-8.

Static Longitudinal Stability was calculated using the method published in Andy
Lennon’s text R/C Model Aircraft Design. This method calculates the neutral point of a

canard-wing aircraft by using a coefficient for the downwash effect of the canard on the

wing. The neutral point was calculated using the parametric design program
DesignView. This program allows the change of a value such as wing span, area or
separation. The neutral point and center of gravity are automatically updated. The center
of gravity is placed forward of the neutral point by 5% of the main wing’s chord, yielding
a static margin of 5% MAC.

Flight performance was tested with the simulation X-Plane. X-Plane allows the input of
geometry by the user so that flight analysis can be conducted. After testing several X-
plane models the center of gravity was moved forward slightly and an angle of incidence
of 4 degrees was given to the canard. After continued testing in the X-plane
environment, this configuration is shown to be dynamically stable and offers easy control

for the pilot. Several tests were performed from the ground perspective as a radio .
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controlled pilot. Short period oscillations were not noticeable and stall characteristics
show a slump forward at diminishing flight speeds as to be expected with the canard
configuration. Sample outputs from X-plane showing longitudinal motion and take-off

performance can be seen in figures 5-1 and 5-2.

5.4 Structural Analysis

Structural analysis on a single wing spar was performed. For a box spar that is
constructed of poplar plywood the stress in the worst case is 25% of the fracture strength
of the spar material. The worst case considered was one which a single wing bears all the
weight of a single fuselage. The wing was modeled as a cantilever attached at the mid-
span point. The weight of the batteries was included in the analysis so that the stress in
the canard is calculated. The analysis does not rely on the structure of the foam wing
core or the tensile strength of the covering. The spars alone are designed to withstand a 4
g static load under a no-lift condition. In a dynamic scenario, this can be considered a 2-
g landing impact or turbulence. An in-flight load of 4 g would put less stress on the wing
though, since the lift decreases the moment created by the fuselages on the end of the

aircraft. Table 5-5 shows the structural analysis.

A test to failure was performed on bare wing cores. A 38-inch wing section sustained a
weight of 15 Ibs. This corresponds to a rupture modulus of 30 PSI. The two wings alone
could withstand a landing load of 0.5 g before failure. The commercially advertised
tensile strength of Econokote, the film used to cover the wing cores is 25,000 PSI. This
enhances the strength of the wing cores significantly, but was not modeled in the

structural analysis.

5.5 Component Selection

Two Aveox 1412/5Y 3-phase DC model aircraft motors provide propulsion for the

aircraft. Each motor has an Aveox H160 speed controller rated at a maximum current
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draw of 60 amps. The motors are connected in series to a series-string of 40 Panasonic
1800 mAh R/P type cells. Each cell is a Sub-C size. Total measured battery pack weight
is 4.65 1bs. The batteries are carried as a string in the hollow spar of the canard. This
reduces the heat that would be generated by a dense battery pack, allows a connection
between the two motors without extra wire and disperses some of the weight towards the
center of the aircraft. Possible propellers range from 10 X 6 to 14 X 9. Final propeller
selection will be determined from static thrust testing. Analysis shows a 12 X 9 propeller

is optimal.

A Futaba 6XAS 6-channel radio controls the airplane. S3003 servos are used for all
control surfaces. Each servo produces 44 ounce-inches of torque. Flight-testing will
determine if stronger servos are necessary for some or all control surfaces. An R148DP
PCM receiver that provides failsafe features on all channels is used. Five channels of the
six available are used. Ailerons, elevators, and rudders provide control. The ailerons
double as flaps, which reduces weight and complexity. Each flaperon is controlled by a
separate servo. The transmitter provides computer mixing that allows flaperon control.
Each rudder is controlled by a separate servo. If nose-wheel steering is found to be
necessary during ground testing then each rudder servo will also control a nose-wheel. A
single servo actuates the elevator.

Stability assistance is provided by the Futaba PA-2 Pilot assist. This syste\;n provides
wing and pitch stabilization by placing a feedback control loop between the servos and
the receiver. Under a zero-input from the pilot the PA-2 stabilizes the aircraft using an
optical sensor. The difference between the dark shades of the ground and the light shades
of the sky provides a horizon that the aircraft levels to. The gain is adjustable and the
pilot can choose to have stabilization on a single or both axes. The sixth channel of the

radio will be used to program the PA-2.
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5.6 Final Aircraft Configuration

The final aircraft configuration and systems layout are shown in the attached drawing
package. The final aircraft configuration is a canard design with identical fuselages
attached to the ends of the wings. The empenage consists of two vertical tails that attach
to each fuselage. Twin tractor motors located in the nose of each fuselage provide power.
Two nose-wheels and two main wheels make up the landing gear. The aircraft has a
wingspan of 6 feet, 10 inches, an overall length of 4 feet, 3 1/2 inches and an overall
height of 1 foot, 11 1/2 inches. Estimated aircraft empty weight is 9 Ibs. Estimated take-
off weight is 32 1bs. (fully loaded). A 3-dimensional representation of the aircraft is
shown in figure 5-3.
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Table 5-1 Performance Calculations

Motor Thrust

p (slug/ft®) 0.002377
Rolling res. 0.1
W (Ibs) 32
€ 0.8
Drag Analysis
Cao Area (ft?) | Drag Area
Fuselages | 0.3000 0.27778 0.08333
Canard 0.0294 6.20000 0.18228
Wing 0.0294 7.19000 0.21139
Tails 0.0100 0.03878 0.00039
Gear 2.0000 0.04167 0.08333
Sub Total 13.74823 0.56072
Interference 10%
Total Drag Area-> _ 0.61679
Stall Speed
ft/s mph
0 flap 34.39 23.4
20 flap 28.95 19.7
Lift
0 degrees flap
Ciaa AR Ciad Cia A (ft9) | Lift Area
Canard 1.18 6.2 1.11 0.1075 6.20 6.90
Wing 0.71 5.3 0.68 0.1075 7.19 4.90
Total 13.39 ] 11.79
20 degrees flap
Ciae AR Cisg Ci. | AMD] Lift Area
Canarg 1.18 6.2 1.1 0.1975 6.20 6.90
Wing 1.5 5.3 1.38 0.1075 7.19 9.89
Total 13.391 16.79

V (f's) [ T (ibs)

0.00 | 12.69

1.47 | 12.61

2.94 | 12.53
4.41 | 1245
5.88 | 12.37
7.35 | 12.29

8.82 | 12.21

10.29 | 12.13
11.76 | 12.04
13.23 | 11.96

14.70 | 11.88
16.17 | 11.79

17.64 | 11.71
19.11 | 11.63
20.58 | 11.54
22.05 | 11.46
23.52 | 11.38
2499 | 11.29

26.46 | 11.21

27.93 | 11.12
29.40 | 11.03
30.87 | 10.94
32.34 | 10.86
33.81 | 10.77
35.28 | 10.68
36.75 | 10.59

38.22 | 10.51
39.69 | 10.41

41.16 1 10.33
42.63 | 10.23
4410 | 10.14
45.57 | 10.05

47.04 | 9.96
4851 | 9.87
4998 | 9.78
51.45 | 9.68
5292 | 9.59
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Table 5-2 Turning Analysis

n | 6 (Rad)| ¢ (deg) Vsiar INCrease (%)
1 ] 0.000 0 0.0
1.1} 0430 25 49
1.2 | 0.586 34 9.5
1.3 | 0.693 40 14.0
14| 0775 44 18.3
151 0.841 48 225
1.6 | 0.896 51 26.5
1.7 | 0.942 54 304
1.8 ] 0.982 56 34.2
1.9 1.017 58 37.8
2 { 1.047 60 41.4
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Table 5-3 Endurance Calculations

8 Liter Payload
n n Power Level 100% 85% | 75% | 25% | Total
1.5 1.2 MPH 30 30 30 23 -
¢ (deg) ¢ (deg@) Amps (ave) 39.7 22311541 0.5 -
48.19 33.56 t (s) 20 20 | 20 { 15| 75
p (Slugs/fP) | p (slugs/ft’) - d (D) 440 880 | 880 | 506 | 2706
0.0023769 | 0.0023769 Amp Mins availl Amp mins used
G G 108 25.93
1.48 1.48 Creq(f1)
V; (ft/s) Vi (ft/s) 2699
41.31 36.95
Vs (mph) | Vs (mph)
28.17 25.19
R (fH) R (ft)
47.40 63.92
Empty Ferry
n n Power Level 100% 85% | 75% | 25% | Total
1.5 1.2 MPH 30 30 | 30 | 23 -
¢ (deg) ¢ (deg) Amps (ave) 39.7 22311541 0.5 -
48.19 33.56 1 (s) 15 10 { 30 | 10 | 65
p (slugs/fP) | p (slugs/f) d (f) 330 440 | 1320 | 337 | 2427
0.0023769 | 0.0023769 Amp Mins availl Amp mins used
G G 108 21.43
1.48 1.48 Gea(f)
Vs (ft/s) Vs (ft/s) 2303
27.19 24.32
R (ft) R (fH
20.54 27.70
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Table 5-4 Takeoff Analysis

0 degrees Flap
Aa (deg)| t(s) | V (f/s)} V (mph) Coi D (Ibs)j L (lbs)| T (Ibs){ & (ft/s9) | D (f)
0 0.000f 0.0 0.0 0.028 0.0 0.0 12.8 9.7 0.0
0 0.125| 1.2 0.8 0.028 0.0 00 | 128 9.7 0.2
0 0.250} 24 1.6 0.028 0.0 0.0 12.7 9.6 0.5
0 0.375| 3.6 2.4 0.028 0.0 0.1 12.6 9.5 0.9
0 0.500} 4.8 3.2 0.028 0.0 0.2 12.5 9.4 1.5
0] 0.625| 5.9 4.0 0.028 0.0 0.3 12.4 9.3 2.2
0 0.750] 741 4.8 0.028 0.0 0.5 123 9.2 3.1
0 0.875| 8.2 5.6 0.028 0.1 07 | 122 9.1 4.1
0 1.000f 9.3 6.3 0.028 0.1 0.9 12.1 9.0 5.3
0 1.125| 10.4 7.1 0.028 0.1 1.2 | 120 8.9 6.6
0 1.250} 11.5 7.8 0.028 0.1 1.5 11.9 8.8 8.1
0] 1.375] 12.6 8.6 0.028 0.2 1.9 11.8 8.7 9.6
0 1.500f 13.7 9.3 0.028 0.2 2.2 11.7 8.6 11.3
0 1.625| 14.8 10.0 0.028 0.2 26 | 116 8.5 132
0 1.750| 15.8 10.7 0.028 0.3 3.1 11.5 8.4 156.2
0 1.875| 16.9 11.5 0.028 0.3 3.5 11.5 8.3 17.3
0 2.000] 17.9 12.2 0.028 0.4 4.0 11.4 8.3 19.5
0 2.125| 18.9 12.9 0.028 04 4.5 11.3 82 |21.9
1 2.250| 19.9 13.5 0.037 0.5 5.6 11.2 8.1 24.4
1.5 |2.375] 20.9 14.2 0.042 0.6 66 | 11.1 8.0 |27.0
2 25001 21.9 14.9 0.048 0.7 7.6 11.0 7.9 1297
25 |2.625| 22.9 15.6 0.054 0.9 88 | 109 7.8 |32.6
3 2.750| 23.8 16.2 0.060 1.0 10.0 | 108 7.7 |355
3.5 2.875| 24.8 16.9 0.066 1.2 114 | 108 7.6 |38.6
4 3.000| 257 17.5 0.073 1.3 | 128 | 10.7 75 419
4.5 3.125| 26.6 18.1 0.081 15 144 | 10.6 7.3 452
5 3.250| 27.5 18.7 0.088 1.8 16.0 | 105 72 |486
5.5 3.375] 284 19.3 0.096 2.0 178 | 104 71 52.2
6 3.500] 29.3 19.9 0.104 2.3 196 | 104 69 |558
6.5 3.625| 30.1 20.5 0.113 2.6 215 | 10.3 6.7 |59.6
7 3.750| 30.9 21.0 0.122 29 | 236 | 102 6.5 |635
7.5 3.875}] 31.7 21.6 0.131 3.2 25.7 | 10.2 6.4 |67.4
8 4.000| 32.5 22.1 0.141 3.6 279 | 101 6.1 71.5
8.5 |4.125] 33.2 22.6 0.151 40 | 30.2 | 10.0 5.9 |75.7
9 4.250| 33.9 231 0.161 4.4 325 | 10.0 57 |79.9
9.5 4.375| 34.6 23.5 0.172 4.8 34.9 9.9 54 |84.2
10 4.500] 35.3 24.0 0.183 5.3 37.3 9.8 5.1 88.6
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Table 5-5 Spar Analysis

W (lbs)
Engine 1.562
4L Water 8.8
Batt. Max 2.5
Controls (est) 1.562
Converter feet (input) inches
feet to Inches 1 12
inches (input) feet
inches to feet 12 1
Spar Dimensions
Base (in.) Height (in.)
Quter 1.25 1.25
inner 1 1
Thickness 0.125 0.125
Wood Selection
S {psi) Rupture Mod (psi) | Gcns (PSD
Poplar 500 10100 5540
Basswood 370 8700 4730
| Distance from A in
Wboﬁ,g_q'\ 21
W 42
1 GinD 0.1201
M (in*ibs) 520.51
S (psh 2166.66

Wban.con

We

YYVYVYIYVVYVYGVYY

///}/
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Table 5-6 Empennage and Control Surface Sizing

Elevator Sizing
Nelson Andy Lennon
WE (Ibs) t (min) p (slug/ff) ARc Co-0 area(deg) o (ft) Se (ft2)
7 8 0.0023769 7 0.39165566 10 4 2.1
W (02) Vimn(ft/5) S<(f1) AR Crrawt ACmcq la (in) Se (in2)
112 20.83 7 35 -0.0035 0.18500  72.00000 302.40000
v (Ibs/liter) Vinin (MPh) Sw(ft) Cac (/deg) Conowt 8. (deg) we (ff) le (ft)
22 14.20 14 0.08 -0.05 25 0.2282 6
liters Vuna(mph) le (1) Caw(/deg@) iv(deg) Cree (/deg)  We(in) le (in)
8 20 1.5 0.08 2 0.00740 2739 72.00000
Wio (Ibs) VemnaadMpPh) 1 Crrowte Cinoc t we (ft)
24.6 34.20 ] 0.15 0.2 0.29808 0.35000
Wio (02) Vi f1/5) b () Ve Crawe SefSc we (in)
393.6 50.17 7 0.375 -0.0335 0.130417578 4.2
D/lap () W/S (Ibs/ff) c(ft) Cow(/deg) £c(deg) Se(ff)
2500 171 1 0.07 4.082 0.912923049
# of laps W, (Ibs) b (ft) 3e/da ic (deg) Se (N9
4 8.2 7 0.7295 6.667 131.4609191
Drota(ff) W, (Ibs) c (fh) Cruc (/deQ) Cow(/rad)
10000 16.4 2 -0.0300 3.793
Table 5-7 Aileron Sizing
Nelson Lennon
y1 (ft) | (ft) w (ft)
1.8 1.5 0.25
y2 (ft) 1 (in) w (in)
33 18 3
Cldareq (/rad) w (ft) I (ft)
0.1 0.262618473 2.625
t w (in) I (in)
0.168866809 3.151421672 315
Sa/Sw Sa(ind) (ft2)
0.056275387 0.65625
Sa(total) (ft2) Sa(ind) (in2)
0.787855418 94.5
Sa(total) (in2) Sa(total) (ft2)
113.4511802 1.3125
Sa(ind) (ft2) Sa(total) (in2)
0.393927709 189
Sa(ind) (in2)
56.7255901
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Table 5-8 Rudder Sizing

N(per tail) (ft*lbs)
6.5
Iv (ft)
2.3
Yv (lbs)
2.826086957
Vv
0.04
Sv(total) (ft2)
1.704347826
Sv(total) (in2)
245.426087
Sv(ind) (ft2)
0.852173913
Sv(ind) (in2)
122.7130435
Qv (slug/s2*ft)
2.990965513

Neison
CLv
1.108781267
Cn
0.022175625
Clav (/deg)
0.097
drmax (deg)
20
t
0.571536736
Sr/Sv
0.380779224
Sr(ind) (ft2)
0.324490121
Sr(ind) (in2)
46.72657749
wv (ft)
0.356106156

wv (in)
4.27327387
hv (ft)
1.139539699
hv (in)
13.67447638
bv (ft)
1.139539699
bv (in)
13.67447638
hr (ft)
1.025585729
hr (in)
12.30702874
wr (ft)
0.316394927
wr (in)
3.79673912

Lennon
ARv
3
ht (ft)
1.472873032
ht (in)
17.67447638
Sv(ind) (ft2)
1.1208334
Sv(ind) (in2)
161.4000096
Sr(ind) (ft2)
0.33625002
Sr(ind) (in2)
48.42000289
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X-Plane Prediction For Takeoff Performance
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Figure 5-1  X-Plane Takeoff Prediction

(Note that the runway is at a gradient. Takeoff occurs at 70 feet)
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Figure 5-2  Longitudinal Motion at 1000 feet and 40 knots
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Figure 5-3 Three-dimensional Hidden Line Render of Aircraft. .
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Drawing Package
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Section VI

Manufacturing Plan

When considering the materials and process to be used for the manufacture of the aircraft
several items were considered. The following describes the figures of merit for
manufacturing:

1 Ease of Construction

Cost of Materials

Weight of Materials/Structures

Strength of Materials/Structures

wm WD

Reparability of Structures

The figure of merit that drove the construction decision was Ease of Construction. Since
only three people on the team had experience with model aircraft construction the
necessity for a manufacturing process that requires a minimum of skill was apparent.

The time to construct the aircraft should also be kept low to allow more time for ground
and flight-testing. The cost of the materials was important since the project was run on a
limited budget. Weight and strength of the materials is important since the aircraft needs
to maintain a lower flight speed to be controllable by inexperienced pilots as well as
survive a crash. The reparability of the structures is important since it may be necessary
to make repairs on the flight line. Each process was discussed and weighed against each

other using the above figures of merit.

The classic approach to small aircraft construction is the “built-up” method. This method
uses ribs and spars in the wings; formers and stringers in the fuselage and ribs in the tail
section. This method is labor intensive, requiring many man-hours to make parts and
assemble them together. Also, the “built-up” method requires an amount of skill that
most members on the team do not possess. The cost of the structures is relatively low
since the majority of the aircraft is empty space. Structures are made from balsa and
polar, both inexpensive materials. These structures are light and can be made strong if

constructed correctly. They are hard to repair in a crash. They often require the removal




of the heat-shrink film and hours of repair and replacement of parts to return to a flight-

worthy condition.

Another method that spawned from the built-up method is found in many modern-day
radio-controlled aircraft kits. It uses balsa or poplar sheets to form the fuselage. The
wings are usually built-up as previously described. The fuselage is constructed as a box
and the empennage is cut from sheet material. It requires less time and knowledge from
the builder. The cost is slightly higher than the built up method since entire sheets of
balsa or poplar are used for each side of the fuselage. This method does result in a
higher weight than the built-up method but produces a stronger structure. Often the
fuselage and the empennage do not rely on the heat-shrink film for added strength. holes
can be drilled in the structure to reduce weight. In the event of a crash the structure can
be repaired more quickly. A crack in the fuselage side can be reinforced with a small

block of wood.

The most advanced form of model aircraft construction uses foam wing cores and
composite layup. This method requires more skill and knowledge than any other method
although some parts of composite work can be learned easily. Construction of molds is
costly and time consuming. Construction of foam wing cores is often easy and requires
little time. The strength of this method often exceeds any other method. The weight of
composite materials is usually less than a similar wooden structure although is often
heavier than the “built-up” structure. Some composite structures can be repaired to like-
new condition with some resin and cloth. Foam wings often repair with resin and

fiberglass.

By examining the figures of merit, the team decided that no single method was best. The
final decision was to combine some composite methods with sheet-wood construction.
Alternatives to popular model aircraft materials were explored. Namely, shipping tubes
were considered for the fuselage and foam-core presentation board was considered for the
empennage and fuselage formers. In the end the final decision was to construct wings

from Styrofoam and build the fuselage from polar plywood halves. The nose and tail
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cones for the fuselage would be made from Styrofoam and the empennage from balsa .

sheet material. To reduce weight, lightening holes would be drilled. For strength in
critical areas Kevlar cloth would be added. Weight bearing formers would be made from

birch plywood.

Once the method of construction was chosen, each component of the aircraft was
constructed. The focus during the manufacturing process was to stop at each step and re-
evaluate the progress. If a component of the aircraft was substandard or was not

constructed as planned, the manufacturing would halt until the problem was rectified.

6.1 Wings

The wings were constructed using the hot wire method as described in Composite
Construction for Homebuilt Aircraft, Jack Lambie. Cross-section templates were cut for
the canard and the main wing. A hot wire was constructed using PVC tubing and steel

wire, which was energized using a battery charger. The wings were cut as halves to keep

the hot-wire size to a minimum. Several practice runs were made to find the best
method for cutting the wings. A spar channel was cut using the hot wire and a poplar
spar was inserted through the length of the wing. The ends of the spar act as the major
hold-down points for the wing and canard. Control surfaces were made of balsa sheeting
and lightened with two-inch holes throughout the length of the elevator and both
flaperons. The wings were joined with foam adhesive and reinforced with Kevlar and
fiberglass cloth. The surface was smoothed and filled with microballoons filler. The

leading edge was reinforced with fiberglass cloth.

6.2 Fuselage

The fuselage was constructed primarily of 1/8 poplar sheeting. Since there are two
identical fuselages, they were constructed at the same time. The bottom and two sides
were constructed from poplar sheeting. Poplar formers were attached in the front and

rear and birch plywood is used as the wing hold-down blocks. The front former acts as a

firewall where the motors attach. The fuselage top hatch was made from balsa since it
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bears no weight. The hatch is hinged on one side and uses Velcro straps to clasp it shut.
Styrofoam tail and nose blocks were attached and are sanded to shape. Formers
throughout the length of the fuselages separate and hold the water bottles in place. Two
inch lightening holes were drilled in non structural areas of the fuselages. Kevlar was

used to reinforce the joints of the two fuselages.

6.3 Empennage

The empennage consists of vertical tails only. They were constructed of 1/4 inch balsa
sheeting that was sanded to a symmetrical airfoil shape. They were attached to the rear

of the fuselages. Two-inch lightening holes are cut throughout the surface.

6.4 Landing Gear

The landing gear consists of 4 wheels on separate gear legs. Two front wheels are
located on the fuselages below the spar of the canard. The two main wheels are located

on the two fuselages just forward of the leading edge of the main wing.

6.5 Manufacturing Schedule

The manufacturing schedule called for both construction and experimentation with
different construction methods. As such, there was sufficient time allotted to allow for

mistakes to be made and corrected and also allow for a learning curve.

The manufacturing plan was outlined early in the project. As construction techniques
were determined, a finalized manufacturing plan was devised. Construction was set to
begin January 1, 2000 and end February 28, 2000. Figure 6-1 shows a milestone chart of
the planned and actual events in more detail. Figure 6-2 shows the man-hour break

down by task.
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Table 6-1 Manufacturing Timeline

Manufacturing Milestone Chart

Event Completed Planned Date Actual Date Man-hours
Build and Test Hotwire 1/4/00 1/6/00 10

Cut Wings from Styrofoam 1/15/00 1/30/00 22
Construct and Assemble Spars 1/30/00 2/15/00 11
Construct Fuselages 2/15/00 2/20/00 8

Construct Empennage 2/20/00 2/20/00 3

Mate Wings and Fuselage 2/20/00 2/28/00 8

Finish Surfaces/Cover 2/28/00 3/5/00 20

Insert Motors/Radio Gear 2/28/00 3/12/00 12

Date

Manufacturing Timeline

4/6/00
3/17/00
2/26/00
2/6/0 /0//./ —e— Actual Date
12/28/99
12/8/99
11/18/99 . . .
§ S £ g;‘! g §> g %’ g)% § "g
o £ w8 BLe BT % 5 £ 8 ©&s
c 2 oLl SEa c 9 238 S @ B 2% 3
< B £ 0 Eda [S3 Q£ P 3 225
oI S5 2 g0 o O O %o L © =9
@ 5P o < S =
O (5]
Event

Figure 6-1  Actual and Completed Manufacturing Dates
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Man Hours Breakdown
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Section 1

Lessons Learned

1.1 Deviation from Design

The final aircraft does not depart from the proposal design significantly. Few
modifications were made as a result of testing. Changes were made to battery
placement, servo placement, hatch and former material and landing gear design. These

changes are detailed below.

The design called for forty sub-C size nicad cells to be placed in the center of the hollow
spar running through the canard. During testing, batteries placed in the canard produced
a bending moment that caused an unacceptable deflection. The bending also pulled the
fuselages inward, transferring a moment to the front landing gear legs. The team
discussed several options including installing a skid or an extra landing gear under the
spar in the middle of the canard. This would prevent a damaging deflection on landing
but would not prevent deflection from turbulence. The team decided to break the 40-
cell pack into two 20-cell sections, each placed in the fuselage of the motor it powered.
Less wire was required in this configuration since the pack did not have to span the
airplane. Unfortunately, by dividing the pack each motor was connected to a separate

power supply, causing the possibility of a One-Engine-Inoperative scenario.

Servos were originally to be placed in the fuselage with linkages connected to the wing’s
control surfaces. This would minimize the amount of wire that would need to be run for
servo actuation. Such a placement would require that linkages be disconnected every
time a wing was removed. Furthermore, actuation of long control surfaces from one end
requires more torque to overcome torsion from aerodynamic forces. The servos were
positioned so that the actuator connects to the midpoint of each contrbl surface. There
are 2 servos in the wing, one for each flaperon, and one servo in the canard to actuate the
elevator. Also, the rudder servos lie in the tail cone, closer to the fins. All servos are
flush to the surface with only the control wheel protruding. Figure 1-1 shows the

revised servo layout.




The top hatch for each fuselage is constructed of 1/4-inch foam-core presentation board
instead of 3/32-inch balsa as the design calls for. Balsa was not strong enough in torsion
or crush strength. The presentation board offers the extra strength without adding weight.
The formers that hold the bottles and radio gear in place are also made of presentation

board so that they would be more resistant to breakage in an impact.

The landing gear configuration deviates from the design in several ways. After structural
testing, the team found that a single rear wheel on each axle did not support the weight of
8 liters of water. A second wheel was added to each axle so to reduce the force on each
wheel and to support a bending moment from the fuselage. Since the landing gear axis is
on one side of the fuselage, an aluminum support strut was added to reduce the moment
on the landing gear hold-down strap. Figure 1.2 shows the main landing gear
arrangement. Also, steering pushrods were attached to the nose wheel after testing

showed that a castering nosewheel does not provide adequate ground handling.

1.2 Recommendations for Improevement

As with all projects, the design, build and fly project is a learning experience. There are
many ways to solve a given problem and there is no one correct answer. That being said,
there is a tenant to design projects that should be followed in order to produce a quality
product on time. It is important in a project such as this to maintain a constant workflow
through all stages. A schedule for this year’s team was set in October but was not adhered
to, especially in the design phases. For next year, interest and activity could be kept
more consistent through the year by integrating construction and testing into the design
phase. For instance, this year’s schedule called for construction to begin in January and
complete by the beginning of March. Next year, perhaps constructing a set of wings
during first semester as well as a test glider would help students keep interest and provide
a better understanding of the project. Also, by constructing the wings there is a fixed
design, allowing the project to track more steadily and prevent a “last-minute” radical
design change. Future teams should plan for deadlines to be broken and allow a buffer

between stages. For instance, allow sufficient time between the end of the construction




. phase and the competition date so that a lag in construction will not impede adequate

testing.

Aside from project timing and organization, there are several ways in which the aircraft
could differ. The project can be approached from the perspective of maximizing payload
or minimizing rated aircraft cost. A simpler, smaller design that carries less payload but

decreases cost more than payload score could gain a larger overall score.

Methods in construction should also be re-examined. The use of stressed-skin design
would reduce weight while maintaining the same wing strength. The merits of foam
construction were evident in this year’s construction. Next year’s design could employ a

foam core fuselage as well as wing(s).
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Section 2

Rated Aircraft Cost

The total rated cost is $8.64. Equation 2.1, as supplied by the competition coordinators
was used to determine the rated cost. The aircraft consists of two pods totaling 8.92 feet
long; a single wing of 8.48 ft*; a single horizontal stabilizer; two vertical stabilizers, two
motors; a total of 40 Nicad cells; 5 servos; and two propellers. Its empty weightis 11.5
Ibs. Table 2.1 shows the airframe dependent parameters. Table 2.2 shows the coefficients
used in equation 1 to develop values for manufacturer’s empty weight, rated engine

power, and manufacturing man-hours.
Rated Cost = (A * MEW + B * REP + C * MFHR)/1000 (2.1)

The work breakdown structure (WBS) shows that the most rated man-hours were spent
on the fuselage. The wings take up the second most time. The total number of rated
man-hours was 134.58. Table 2.3 shows the WBS, organized into the separate

construction categories as specified by the contest administrators.
Table 2.4 shows the sum of each component of equation 1 and the final rated aircraft
cost. Rated engine power contributes the most to the cost at $4800.00. Manufacturing

hours and empty weight are second and third, respectively.

To ensure the aircraft is within the contest rules, the battery pack was measured as 4.74

Ibs., the wingspan is 6 feet, 10 1/2 inches, and the gross takeoff weight is 34 lbs.
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Designation Airframe Component Value Unit

Number of Motors 2
Number of Cells 40

REP Motor Rated Power 4800 wWatts
Number of Propellers 2
Total Wing Area 8.48 sg ft
Number of Wings 1

MEW Empty Weight 11.5 lbs
Number of Fuselage + Pods 2
Total Length Fuse + Pods 8.92 ft
No. of Vertical Surfaces 1
No. of Horizontal Surfaces 1
Number of Servos 5

Table 2.1 — Airframe Dependent Parameters

w

Empty Weight Multiplier
Engine Power Multiplier

Manufacturing Cost Multiplier

100 $/Ib
1 $/Watt
20 $/hour

Table 2.2 — Contest Supplied Coefficients used in Equation 2.1

Work Breakdown Structure Hours Rated Labor Cost
1.0 Wings 38.92 $778.33
2.0 Fuselage/Pods 45.67 $913.33
3.0 Empenage 20 $400.00
4.0 Flight Systems 10 $200.00
5.0 Propulsion 20 $400.00
Total 134.58 $2,691.67

Table 2.2 - Work Breakdown Structure
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Designation Cost Component Value Unit Cost
REP Rated Engine Power 4800 Watts $4,800.00
MEW Manufacturer Empty Weight 11.5 1bs $1,150.00
MFHR Total Manufacturing Hours 134.58 hours $2,691.67
Total Rated Cost (Thousands) $8.64

Table 2.4 — Rated Aircraft Cost

-12-




. The American Institute of Aeronautics
and Astronautics, Cessna, and the Office
of Naval Research

Design, Build and Fly
Competition 2000

Cleveland State University

“The Attitude”




The Team

John "Danger" Sustersic
Charles "Einstein" Alexander
Michele "Fuzzy" Beachler

Dave "Dante" Wladyka

Ray "X-Ray" Still

Paul "Whoop! There It Is!" Weyandt
Marcelo "The Weasel" Gonzalez
Maria "Giggles" Laios

Fred "Red Baron" Glatz
Anup "The Ghost" Khant

Jeff ""Stinky N"" Rubinski

Steve "The Lush" Frydrych
Andy "Babyface" Kis

Bill "Plane Crazy" Tracy

Electrical Engineef - Graduate
Electrical Engineer - Junior

Civil Engineer - Senior
Electrical Engineer »- Junior
Mechanical Engineer - Graduate
Mechanical Engineer - Freshman
Electrical Engineer - Graduate
Chemical Engineer - Senior

Electrical Engineer - Junior

Electrical Engineer - Graduate

Mechanical Engineer - Senior
Mechanical Engineer - Senior
Mechanical Engineer - Sophomore

Lorain County Radio Control Club Ace




Table of Contents
Table of Contents
Proposal Phase
1.0  Executive Summary
1.1  Major Development Areas
1.2  Overview of Design Tools
2.0 Management Summary
2.1  Design Team Architecture
2.2  Management Overview
23  Project Milestones
3.0 Conceptual Design
3.1  Design Parameters
3.2  Figures of Merit (FOMs)
3.2.1 = Rated Aircraft Cost Assignments
3.2.2 Importance Factors
. 3.3  Methods of Analysis
3.4  Final Concept Selection

3.4.1 Final FOM Ranking Chart

4.0  Preliminary Design

4.1

42

Design Parameters and Methods of Analysis
4.1.1 Take-Off Gross Weight

412 Cp of Main Wing Airfoil

4.1.3 Wing Area

4.1.4 Tail Volume

Summary of Final Configuration

5.0 Detail Design

5.1
52
53
54

Design Modeling
Performance Prediction
Component Selection
Systems Architecture
5.4.1 Propulsion System
5.4.2 Landing Gear
5.43 Radio System

10
11
11
11
12
14
14
15
17
17
17
18
18
22
22
22
23
24
25
26
29
29
29
31
33
33
33
34




5.4.4 Payload System
5.5  Drawing Package
6.0  Manufacturing Plan
6.1  Investigated Manufacturing Processes
6.1.1 Figures of Merit (FOMs)
6.1.2 Analysis of Investigated Processes
6.2  Selected Manufacturing Process
6.2.1 Hot Wire Foam Cutting
6.2.2 Internal Structure Construction
6.2.3 Component Assembly
6.2.4 Final Assembly Process
6.2.5 Manufacturing Schedule
ADDENDUM PHASE
7.0  Lessons Learned
8.0  Aircraft Cost

35
42
46
46
46
46
43
48
49
50
50
50




Index of Figures

Figure 1

Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15
Figure 16
Figure 17

Figure 18

Expected and Actual Milestones for the Cleveland State 1999-
2000 DBF

Final FOM Ranking Chart

Lift - Drag Polar for SG6043 Airfoil

SG6043 Airfoil

ElectriCalc Screen Shot

Thrust and Drag versus Airspeed, 100% Throttle

Thrust and Drag versus Airspeed, 58% Throttle (contest cruise)
System Efficiency, 100% Throttle

System Efficiency, 58% Throttle (contest cruise)

Thrust and Drag versus Airspeed, 100% Throttle (unloaded)
Thrust and Drag versus Airspeed, 65% Throttle (unloaded)
System Eﬁiciency, 100% Throttle (unloaded)

System Efficiency, 65% Throttle (unloaded)

Rate of Climb versus Airspeed

Rate of Climb versus Airspeed (unloaded)

Radio System Placement

Three View Drawings

Internal Structure Configuration

13

19

27

27

36

37

37

38

38

39

39

40

40

41

41

42

43

44




Index of Tables

Table 1 Preliminary Weight Breakdown
Table 2 Summary of Key Features of Final Configuration
Table 3 Manufacturing Time Line

Appendix A: Photos of Manufacturing Process.

22

28

51




Proposal Phase




1.0 Executive Summary

Cleveland State University’s 1999-2000 entry in the AIAA, Cessna, and Office of
Naval Research’s Design, Build, and Fly Competition began as the logical extension of
last year’s entry. That entry resulted in a respectable tenth place finish and left the core of
the design team anxious to try their hand again in the 1999-2000 contest. This core of
students wanted to take the lessons and the experiences of the previous year’s efforts, add
some additional key members to the design team, and pursue additional sources of
funding for the 1999-2000 design. These efforts have several important objectives. First,
last year’s design team used a simple, inexpensive, and labor-intensive construction
process. This year’s team desired to reduce the labor requirements in the construction
process, as the key team members expected to be busy with full schedules, etc.
Furthermore, last year’s design team concluded that advanced composite materials
offered considerable advantages over simple, traditional model construction techniques.
However, the team also concluded that, as constituted last year, the team lacked the

technical expertise and practical experience to attempt any advanced manufacturing

process. Therefore, this year’s design team strove to recruit additional team members to
bring this needed knowledge and experience. Finally, the design team sought external
financial support to allow these advanced manufacturing processes to be seriously

considered for the construction of the aircraft.
1.0 Major Development Areas

The design team began the concept development with a careful evaluation of the
rules for this competition, emphasizing the differences between these rules and the rules
of the previous competition. Since many members of the design team were active in the
previous year’s effort, they were familiar with the analyses that led to the selected

concept for that competition. The design team concluded the following:

1. The requirement to fly empty sorties further emphasizes the flight

performance and handling characteristics of a successful design.

2. The restriction on battery pack size requires the design to be optimally

efficient.




3. The aircraft standard cost metric weights certain elements of the conceptual
development; specifically, concepts involving multiple wings, twin tails, etc.,
are more expensive than a simple monoplane. Other factors being equal, any
concept with a higher standard cost will score lower in the competition and

therefore be less desirable than a less expensive design.

With these thoughts under consideration, the design team proceeded to investigate
several contending concepts. In each case, the conceptual development began with the
payload. Previous competitions allowed for square or round cross-section bottles to carry
the water payload; this fact was used in previous designs to minimize the volume
required to carry a given payload by packing square bottles in a rectangular payload bay.
Since the rules of this year’s competition require round cross-section bottles only, it
became clear that the best way to carry this payload would be in cylindrical bays with
central axes aligned with the longitudinal axis of the aircraft. This approach minimizes
the frontal area of the payload.

The design team had several brainstorming sessions to consider as many practical
or impractical concepts as possible. The design team considered concepts with various
features such as V-Tails, tandem wings, and canard configurations. Additionally, a twin-
boom, twin tail configuration was evaluated that featured dual payload bays off the
centerline of the airplane. Tractor and pusher configurations were also evaluated. After
developing several of the more promising concepts, the design team evaluated each
concept against the figures of merit (FOM) that were developed for the conceptual design
phase and ranked the concepts accordingly. This process resulted in ‘The Attitude’.

The design team selected the name of its entry long before the concept that bears
the name was developed. One of the design team members, while considering artwork for
a student organization contest, thought of an ‘in your face’ approach to the contest. This
artwork was eventually adopted for that contest and resulted in a second-place prize for
the group. However, the design team was asked by several people, including an assistant
dean of the college, about the “attitude’ in the artwork. It was observed that many things
in life revolve around attitude, whether good or bad. Certainly, attitude is all-important in
aeronautics. The design team felt that the analogy was sufficient to select “The Attitude’

as the name of this plane.




1.1  Overview of Design Tools

In all areas of development, the design team used Microsoft Excel 2000 and
Aveox’s Virtual Test Bench website to quickly gage a concept’s merit. Additional tools

were used in the following specific areas of development:

¢ Conceptual Design
The conceptual design effort made extensive use of ElectriCalc to screen
competing concepts. ElectriCalc is a software package developed for the

Electric RC model airplané hobby to estimate model flight performance.

e Preliminary Design
During this design phase Maple and Matlab software, in addition to the
aforementioned spreadsheet software, was used extensively for modeling and

design analysis.

e Detail Design
In addition to the software used in the previous two design phases,
SolidWorks 98, AutoCAD R14, and Algor were employed. These software
packages allowed the design team to model the airplane as a 3D solid model

and to export the model to Algor for certain finite element analysis
investigations. Additionally, the solid model sketches provide a simple means

to extract the CAD files necessary for the manufacturing phase of the project.
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2.0 Management Summary

2.1  Design Team Architecture

The design team for Cleveland State’s 1999-2000 Design, Build, and Fly

Competition has the following structure:

John Sustersic, Team Leader and Chief Designer

Charles Alexander David Wladyka
Materials, Aircraft Structure, and Funding ’ Hot Wire Foam Cutting

Michele Beachler ~ Construction
Ray Still Machining, tooling, and construction
Marcelo Gonzalez  Construction
Paul Weyandt Construction
Maria.Laios Construction
Fred Glatz  Construction
Jeff Rubinski Landing Gear and Construction
Steve Frydrych Landing Gear and Construction
Andy Kis Construction

2.2  Management Overview

This structure was developed largely from the experiences gained from the 1998-
1999 entry and from the abilities and time availability of the team members. The
highlighted team members were mostly responsible for last year’s design, and John was
last year’s team leader. David was extremely active in last year’s design and reliable in
keeping deadlines. Charles was a new team member for this year and brought with him a
strong physics background in which he has performed research on carbon fiber materials
in the Space Materials Research Laboratory at Cleveland State University. He brought to
the team the expertise necessary to attempt the advanced composite construction
processes employed in this design. Additionally, Charles was responsible for seeking the

sponsors needed to fund these more expensive construction techniques.
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For these reasons, John, David, and Charles were designated as managers for the ’

construction lab. Since the materials used in the aircraft construction are toxic and
hazardous, no one was permitted to work in the lab unless one of the managers was
present. This not only helped reduce the risk of accidents in the lab, it also provided a

mechanism to ensure the quality of the work done in the lab.

The remainder of the team worked in various phases of the construction. Since the
managers all know the details of the design and are familiar with the techniques needed
in the construction of the plane, they assigned construction tasks based on the individuals
who attended that particular construction session. The manager provided whatever
training and guidance was needed for the assigned construction task. During building
sessions in which all three managers were present, John stepped back and supervised all
the work under way. This maximized the efficiency of the construction, as John could
reassign labor resources to best fit the needs of the other managers. Additionally, this
allowed the construction processes to be parallel. Charles and David could then
concentrate on their particular assignment areas while John ensured the quality of the

work and orchestrated the timing of the two main thrusts of the construction.

The parallel construction processes employed were structured to allow fine-tuning
of the final configuration during final assembly, where the internal structural members
were mated with the hot-wire foam cut aerodynamic surfaces. This allowed the accuracy
of the final configuration to be determined mostly by the accuracy with which this final

assembly stage is completed.
2.3  Project Milestones

The milestone chart attached following this management summary indicates the
target and actual milestone dates for this project. Please note that the target dates were

intentionally ambitious to help prevent the team from falling too far behind in its work.




. 4/23/00

4/3/00 -
3/14/00 -
2/23/00 -
2/3/00
1/14/00 -
12/25/99 -
12/5/99 -
1 1/1 5/99 T i 3 T i i i I 4 i 1 i 1 1 1 1 T i T T T
12 3 456 7 8 9 10111213 14 1516 17 18 19 20 21 22
—e— Expected Completion Date — # — Actual Completion Date
# Milestone Expected Completion Date| Actual Completion Date
1 IConceptual Design Completed 11/30/99 11/30/99
. 2 [Preliminary Design Stage Completed 12/15/99 12/15/99
3 Detailed Design Completed . 1/1/00 12/29/99
4 |List of Materials Generated 1/1/00 1/2/00
5 [Materials Ordered 1/1/00 1/3/00
6 [igs and Forms Completed 1/16/00 1/16/00
7 Horizontal Tail Cut 1/23/00 1/23/00
8 [Structural Foam Cut 1/23/00 2/7/00
9 [Main Wing Cut 1/30/00 2/7/00
10 [Final Assembly Complete 2/13/00 3/11/00
11 IControl Surfaces Completed 2/20/00 3/4/00
12 Radio Systems Instalied 2/27/00 3/11/00
13 |Propulsion Systems Installed 2/27/00 3/12/00
14 [Initial Test Flight 3/1/00 3/18/00
15 [Proposal Phase Draft Due 3/1/00 3/9/00
16 |Proposal Phase Sent 3/11/00 3/11/00
17 [Test Flights Completed 3/26/00
18 [Final Design Changes Completed 3/28/00
19 [Final Shakedown Flight 3/29/00
20 |Addendum Phase Draft Due 4/1/00
21 |Addendum Phase Sent 4/8/00
22 jLeave for Competition 4/13/00
. Figure 1: Expected and Actual Milestones for the Cleveland State 1999-2000 DBF
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3.0 Conceptual Design

The conceptual design team began the process of selecting the vehicle
configuration by first evaluating, and then concisely enumerating, what were considered
to be the essential parameters of the competition. Primarily, the competition is a payload-
carrying competition; specifically, the mission requires the maximum possible payload
carried over a closed-course in a ten-minute period. While this may superficially seem a
rather trivial detail, the design team considered this a crucial point. The team therefore
concluded there were two possible dissimilar approaches to this problem: either the plane
should be designed to carry the maximum possible payload (i.e. highest weight fraction)
or the plane should carry the minimum possible payload in the shortest possible time to
allow for the highest number of sorties. Each approach has its advantages and its
disadvantages. The design team used several parameters to evaluate the relative merits of

each approach.
3.1 Design Parameters

In a payload-carrying competition, the most significant parameter is one
representing the absolute payload capacity of the aircraft. Clearly, this parameter is
significant in that it is directly used to determine the final score for the competition. For
this purpose, it was apparent that maximizing this parameter was most desirable. The
only case where it would make sense not to maximize this value would occur if doing so
would allow for more overall payload to be carried in the 10 minute competition time
limit. However, the design team was unable to identify a case where a minimally loaded
plane would be able to carry more payload overall than a heavier loaded plane. The
analysis proceeds as follows: a plane that carries half as much payload as a given plane
must have at least twice the momentum to carry as much payload overall. Since the
kinetic energy of the plane and the energy of the losses of the plane are directly
proportional to the square of the momentum, one must conclude that maximizing the

payload capacity of the aircraft is most desirable.

A critical parameter to the design of any airplane is the configuration of the main
wing. Clearly, an efficient wing is necessary in any successful design. By the rules of the

competition, the wing must have a span of 7 feet or less and be stressed for the mandatory
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2.5g static load test. However, there are additional factors in the main wing. Of these
factors, wing area and aspect ratio are two critical factors. Additionally, the Rated
Aircraft Cost metric used in the scoring further complicates the analysis. This metric
presses unusual (by today’s standards) configurations such as biplanes or tandem-wing
planes to perform better than a simple monoplane to offset the additional cost incurred by

the additional wing structures.

An additional configuration parameter investigated in this design process was the
stabilizer configuration. Of the possible types of stabilization investigated, three principle
types received serious consideration: A simple tail stabilizer, a V-Tail stabilizer, and a
Canard stabilizer. Flying wing configurations were eliminated early in the conceptual
design phase due to insufficient take-off performance and more complicated flight
dynamics. The stabilizer design parameter was considered to be almost as important as
the design of the main wing since it greatly affects the flying qualities of the aircraft. As
with the parameters associated with the main wing, the Rated Aircraft Cost metric further
complicates the analysis. However, the effect of the Rated Aircraft Cost metric is less
pronounced on the configuration of the stabilizer. The principle difference between the

three types of stabilization under investigation is a single control surface.

The final configuration parameter investigated was the propulsion configuration.
Principally, the design team evaluated single and twin motor configurations for their
effectiveness in combination with each of the aforementioned design parameters. Again,
the Rated Aircraft Cost metric greatly influences the analysis of these parameters,
especially in the case of the propulsion configuration. The Rated Aircraft Cost exacts a
price, not only in the numbef of propellers and motors, but also in the weight of the

additional propulsion components.
3.2 Figures of Merit (FOMs)

Obviously, there is a significant interaction between the great number of
permutations in these design parameters. One would be hard-pressed to objectively
evaluate the relative merits of these variations without an analytical, quantitative

approach. To analyze these concepts, the following figures of merit (FOM) were used:
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. Payload Capacity (PC) — Quantified on a scale from 2 to 8, corresponding to

the concept’s useful payload capacity. The limits of this FOM were
determined by design requirements. The former was determined by the
requirement that all planes carry a minimum of two liters of water; the later by
the requirement that all planes carry at most eight liters of water. This is a

deterministic quantity.

. Estimated Cycle Time (ECT) — Quantified on an open scale in minutes as the
time from take-off to take-off of payload-carrying ferry flights, including
landing, payload removal time, take-off to landing of the non-payload flight,
and payload loading time. This FOM is really a composite number derived
from several factors, including the vehicle’s cruise capabilities, maximum rate
of turn, ground and air handling characteristics, ease of payload loading and
unloading and the reliability of a particular design. This is a probabilistic
quantity.

. Rated Aircraft Cost (RAC) — Quantified on an open scale in thousands of
dollars as the standardized cost of the concept. This FOM is derived directly

from the formula stipulated in the contest rules as indicated here:

(A*MEW + B* REP +C * MFHR)/1000 , where A equals 100 $/Ib., B equals
1 $/b., C equals 20 $/hour, MEW is the Manufacturer’s Empty Weight, REP
is the Rated Engine Power, and MFHR is the Manufacturing Man Hours. For
the Conceptual Design phase, MEW, REP, and MFHR were estimated based

on known characteristics of the concept under evaluation. This FOM is an

estimate of a deterministic quantity.

. Score Multiplier (SM) — Quantified on an open scale in 1/$1000 as the
probable score multiplier. This FOM is derived directly from the official

scoring formulation as follows: SM = PC [Elg-T—:I /RAC . This metric was
designed to indicate a given concept’s performance in maximizing the

competition score. This FOM is an estimate of a probabilistic quantity.
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Of the first three FOMs, the ECT is probabilistic while the PC and RAC are
deterministic. However, any design will be subject to the random processes of chance and
weather; therefore, unless otherwise specified, the ECT figure of merit should be

considered as evaluated under ideal conditions. (i.e. as an absolute maximum value)

The SM FOM is the final measure used in selecting a concept. This metric is
defined as a function of the first three FOMs, and its accuracy is determined solely on the
accuracy of the constituent FOMs. Clearly, the effectiveness of these analytical devices
will be limited by the accuracy with which the RAC parameter is determined and by

minimizing the assumptions necessary to determine the ECT parameter.
3.2.1 Rated Aircraft Cost Assignments

The Rated Aircraft Cost FOM was assigned to each concept under evaluation by
carefully determining the Manufacturer’s Empty Weight, Rated Engine Power, and the
Manufacturing Man Hour parameters. The RAC formula is then evaluated using these
values. For those aspects of the MEW, REP, and MFHR FOMs that require physical
dimensions, the design team used a benchmark size for the single engine, simple tail
monoplane at maximum payload. The parameters for other configurations were then
adjusted from this benchmark based on the differences between the baseline
configuration and the variant. In this way, the design team hoped to get a truer
comparison of the merits of the competing concepts without unnecessarily complicating

the analysis. The assigned values are listed in the final ranking chart later in this section.

3.2.2 Importance Factors

The design team generated a set of FOMs that, it was hoped, would best estimate
a given concept’s performance during the competition. It should be clear that the Score
Multiplier FOM summarizes all the other FOMs in a manner similar to the scoring
system used in the contest. Therefore, the design team exclusively used this FOM in its

final evaluation of the competition concepts.
3.3  Methods of Analysis

The methods employed by the design team to evaluate the concepts under
consideration were straightforward. In the beginning, the design team met in

brainstorming sessions to discuss potential concepts. These concepts were qualitatively

17




assessed, then refined. This process was continued through several iterations until the .

concept had matured into a serious contender, or had been discarded as impractical. Most
exotic, esoteric designs were discarded early in the conceptual design phase as either
being unsuitable for the competition or being beyond the analytical ability of the design

team. This left mostly simple, traditionally configured aircraft as the principle contenders.

As the concepts grew in number and in maturity, the design team began assigning
appropriate FOMs to these concepts. After completing the FOM assignments for all the
concepts, a final rank was established and the concept with the highest Score Multiplier

FOM was selected for construction.
3.4 Final Concept Selection

The design team’s final concept selection was simplified by using the FOMs
outlined previously. Using these measures, the concept of a heavily loaded monoplane
with a simple tail and a single motor/propeller pair was clearly superior for this
competition. Thus, any advantage that might be gained through the use of additional
wings and motors cannot offset the increase in the Rated Aircraft Cost FOM and the

corresponding reduction in the expected competition score.
3.4.1 Final FOM Ranking Chart

The assigned FOMs for each concept considered may be found on the following
chart:
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From the data presented in the final ranking chart, it is clear that all dual-motor
configurations scored considerably less than their single-motor counterparts did.
Additionally, the biplane and tandem wing concepts suffered not only in the RAC FOM,
but also in the ECT FOM, where the additional drag of the second wing reduced top
cruise speed. Clearly, the simple, single-motor monoplane concept proved most suitable

EH

for this competition.




4.0 Preliminary Design

The preliminary design phase of this project required a detailed analysis of the
requirements of the competition and the specifications for the design provided by the
conceptual design team. As outlined in the previous sections, the chosen design concept
consisted of a simple monoplane configuration with the payload carried in a central,
embedded fuselage. The single motor was mounted in a tractor configuration using a
motor mount integrated with the nose gear-mounting bracket. At this point, the design
team broke into two distinct groups: The fluid dynamics team and the structural design
team. The fluid dynamics team considered these parameters with regard to the flight
performance requirements of the competition. The structural design team was concerned
with the physical construction of a structure that would conform to the physical
requirements specified by both the fluid dynamics and the conceptual design teams, while
providing the required structural capacity over the flight regime. To analytically
determine the preliminary aircraft size and estimate its performance, several design

parameters were identified.
4.1 Design Parameters and Methods of Analysis

The design teams were interested in several preliminary design parameters: Take-

off gross weight, wing area, C;, of main wing airfoil, and tail volume.
4.1.1 Take-off Gross Weight

The design teams estimated the take-off gross weight by beginning with known

quantities. These quantities are documented in the following table:

Payload 20.5 pounds
Batteries 5.0 pounds
Radio 2.0 pounds
Total 27.5 pounds

Table 1: Preliminary Weight Breakdown
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An estimate of the airframe weight requires some knowledge of the materials used
in its construction. The design team researched several construction techniques, and
considered three potentially advantageous. The first and simplest was a traditional
construction process involving balsa woods, bass woods, plywoods, CA glues, and
epoxy. This technique had the advantage of having been employed in the previous year’s
entry. Therefore, the returning members of the construction team had considerable

experience in these techniques.

A second construction technique considered was one employing machined
aluminum spars and ribs. This process would require a moderate learning curve for the
construction team in the operation of machine shop equipment. The plane would likely
weigh less than one constructed with traditional techniques and would undoubtedly be

stronger.

The third construction technique evaluated was a carbon fiber composite process.
The returning design team realized that there was significant merit in using composite
materials in the construction of the aircraft. This design represented an ideal candidate for
such construction processes. A plane constructed using carbon fiber composites could be

stronger than one made of aluminum and lighter than one made of balsa wood.

During the preliminary design stage, it was not strictly necessary to determine the
exact manufacturing processes to be used, only to determine roughly what the final take-
off gross weight (TOGW) one might expect. With this brief background, it was
determined that the construction would likely employ composite techniques. Therefore,
the design teams were able to agree upon an estimated airframe weight of eight pounds.
Consequently, the estimated TOGW of the selected concept at this preliminary design

phase was determined to be approximately 35.5 pounds.
4.1.2 Cy of Main Wing Airfoil

When the conceptual design process indicated a vehicle near the TOGW of about
35.5 pounds, it was clear to the fluid dynamics team that a high-lift airfoil would be
required. The team began with a search for suitable high lift, low Reynolds number airfoil
among existing airfoil databases. It was clear that the resources of time and equipment

were insufficient to perform independent tests of prospective or original airfoils. The
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team’s search of internet and published literature identified the University of Illinois at
Urbana-Champaign (UTUC) as one of the world leaders in the low-speed, low Reynolds
Number airfoil research relevant to model aircraft. Using this database, a freeware Polar
Exchange Format (PEF) Browser and a freeware Airfoil Plotting program, the design
team was able to select the SG6043 airfoil as a suitable candidate. (See Figures 3,4) The
airfoil features a maximum coefficient of lift of around 1.6 that is relatively independent
of the Reynolds Number, and a region of intermediate angles of attack where the
coefficient of drag is relatively independent of the angle of attack. Additionally, the
airfoil performed similarly over a broad range of Reynolds Numbers, differing chiefly in
the drag coefficient. These factors will combine to make the handling of the aircraft
predictable and reasonably uniform over a broad range of the flight envelope while

providing the required lift.
4.1.3 Wing Area

With a tentative airfoil selected, the design team could begin to look at some other
design parameters. Of chief concern to the design team at this point were the
specification of the maximum take-off distance and the stall speed of the design as
functions of the parameters of the wing that directly influence them. Clearly, it is
impossible to consider each separately. An application of basic fluid mechanics will

result in the following equations:

M, 8
Vain = £ Equation 1
p airCLmaxAp
M, V2
d _ 1 gross ' min
- - 3 2
take —off pax D) Fthrust _ Ffriction Equation

From the equation for minimum velocity, one may determine that, for a given mass and a
given coefficient of lift, the minimum velocity varies inversely with the planform area.
Therefore, maximizing the planform area will minimize the minimum velocity'. At this

preliminary stage, there is no simple way to quantify the effects of using flaps on the

! This analysis assumes the airfoil does not stall at this speed. This may be verified from the lift-drag polar.
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airfoil; therefore, the design team used a conservative value of 1.32 for the coefficient of ‘

lift. Of course, this analysis considered the TOGW of 35.5 pounds. Using conservative
values in this analysis served as a ‘factor of safety’ in the design to ensure that the
developing design would meet or exceed the required performance specifications. It
became evident that a reasonable minimum flight speed would require a considerable
wing area. The design team concluded that a wingspan at or near the maximum specified
span would be required to construct a wing with a reasonable aspect ratio that would
provide the required planform area. After performing several iterations, the team
concluded that an average chord of about 25 inches would generate a planform area of
2100 square inches and a corresponding aspect ratio of 3.36. Using these values, the
minimum velocity was determined to be 27.58 miles per hour. The design team
concluded that this configuration yields the best combination of the two parameters.
Without the wingspan limit, the team might have endeavored to increase the wingspan,
and therefore the aspect ratio. With the wingspan limit and the necessity to reduce the
minimum flight speed as much as possible, the design team chose instead to employ

STOL-style wing tips to help reduce the tip vortices generated by the relatively large

pressure gradient at the wingtips. It was determined that the minimum flight speed had to
be minimized for two critical reasons. First, the vehicle specifications require that the
take-off distance be at most 100 feet. From Equation 2, the maximum take-off distance
varies with the square of the minimum velocity for a given thrust. This requires that, for
the same take-off distance,- the thrust required must also vary with the square of the
minimum speed. Second, the design of the competition places air and ground handling at
a premium, specifically, the ability to land easily and reliably is considered an essential
quality of any aircraft contending for this contest. Both factors clearly indicate that a

minimized minimum velocity is highly desirable in this design.
4.1.4 Tail Volume

One of the most important parameters in the design of any aircraft is the plane’s
tail volume. Tail volume is the product of the Tail Moment Arm (TMA) and the
horizontal stabilizer area. For this preliminary design phase, the design teams utilized an
approximate sizing formula based on several measures. The main wing’s Mean
Aerodynamic Chord (MAC), the main wing’s planform area (A,), and the TMA are the
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values used to determine the Horizontal Tail Area. Using this analysis, the design team
estimated the required size and location of the horizontal tail. The analysis indicated that
a TMA of 54 inches and a horizontal stabilizer area of 440 square inches would be
required in this concept. Finally, the design teams specified that the mean aerodynamic
chord of the horizontal tail must be at least eight inches to avoid unfavorable effects at

low Reynold’s Numbers.
4.2  Summary of Final Configuration

The final configuration selected by the design team has several key features. First,
the plane will have a wingspan of the maximum allowed (seven feet.) The aircraft will
have a tail moment arm of 54 inches and a horizontal stabilizer of 440 square inches. The
main wing will utilize a SG6043 airfoil in a simple taper configuration. This wing will
have a planform area of approximately 2100 square inches and a MAC of about 25

inches. Table 2 enumerates these and additional design features.

i1
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Figure 4: SG6043 Airfoil
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Final Configuration

Wingspan

7 feet

Payload Capacity

8 liters

TOGW

35.5 pounds

Empty Weight (no batteries)

10.5 pounds

Payload Fraction

563

Main Wing Airfoil

SG6043

Chord at centerline

30 inches

Chord at wingtip

19.5 inches

Tail

Full flying stabilizer

Horizontal Stabilizer Airfoil

SD8020

Motor

Aveox F27L brushless DC

motor

Motor Controller

Aveox H160C

Propeller

Master Airscrew 16x8 inch

Batteries

Sanyo N-3000CR cells
26 cell pack

31.2 volts, 3.0 amp-hour

Table 2: Summary of Key Features of Final Configuration
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5.0  Detail Design

5.1 Design Modeling

The detail design work for this project was accomplished mainly using CAD
software. Principally, the design team used SolidWorks 98 for this purpose; however, the
team quickly realized that it was difficult to enter the scaled airfoil coordinates directly
into this development environment. Therefore, the team devised a procedure that began
by using Microsoft Excel to scale the normalized coordinates to the desired chord and
thickness ratio. These scaled coordinates were copied into a script file that was executed
in AutoCAD R14. This file could be opened in SolidWorks as a drawing, and the
drawing object could then be copied into a sketch and extruded into a three-dimensional

piece.

SolidWorks offers the ability to specify material densities; the software can then
calculate the volume of the designed three-dimensional part and determine the part
weight as well as the moments of inertia. Parts may be combined into assemblies, and
assemblies may be incorporated into other assemblies. The software will also determine
the center of gravity and the moments of inertia of these complex assemblies. This
capability greatly simplifies the design process by automating these simple, though
tedious, calculations. Additionally, modeling the design in this environment simplified
the construction process by allowing full-size templates to be printed directly from the
CAD files. This fact is used extensively in the construction process to generate templates

needed for the hot-wire foam cutting and the structural foam bulkheads.

SolidWorks 98 supports the export of its CAD files into the standard IEGS file
format compatible with finite element analysis programs such as Algor. This capability
allowed the structural design team to investigate several aspects of the design. In

particular, the landing gear design was scrutinized using these analysis techniques.
5.2 Performance Predictions

The performance data for this design was determined largely by using a
commercially available software package called ElectriCalc (See Figure 5). This program

includes a database of many commercial RC motors, propellers, and batteries, and allows
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the user to add to these databases’ custom entries. The design team used this tool to select
a preliminary cruise speed of 45 MPH at a throttle setting of 58% when fully loaded.?
Additionally, the tool was used to generate plots of the thrust and drag forces versus
airspeed. (See Figures 6 and 7) System efficiency may also be charted from this tool, as
illustrated in Figures 8 and 9 for throttle settings of 100% and 58%.

Figure 6 shows the developed thrust over the operating range of airspeeds, and
quantifies the thrust at 25 MPH as 240 ounces, or 15 pounds. Using this value in equation
2, the maximum take-off distance was determined to be 91.90 feet. This predicted value

allows for a considerable margin of error for this design requirement.

Additionally, the rules of this year’s competition require the plane to fly unloaded.
Therefore, the design team analyzed these flight parameters. Under this loading
condition, the preliminary cruise speed was selected as 50 MPH at a throttle setting of
65%. Figures 10 and 11 show the thrust and drag plots of the aircraft in its unloaded
configuration at full power and at cruise power, respectively. Figures 12 and 13 indicate

the system efficiencies at the same respective power settings.

Climb capabilities of the fully loaded aircraft may also be determined through the
ElectriCalc tool. Figure 14 shows the predicted rate of climb of the fully loaded aircraft at
100% and 58% throttle. Figure 15 shows the predicted rate of climb of the unloaded
aircraft at 100% and 65% throttle settings.

The aircraft is predicted to handle well throughout the flight envelope. The fully
loaded aircraft has 75% of its mass evenly distributed about the aircraft’s center of lift.
This results in a relatively small moment of inertia; this effect combines with the large

control surfaces to produce an excellent roll rate.

The aircraft’s internal structure was designed to support the full payload through a
load factor of 3 g’s. This load rating, while satisfying the minimum load rating required
for this competition, will allow for bank angles of 75 degrees. This will aliow for
excellent maneuverability and turning capabilities. Furthermore, the design team’s

analysis of the structural integrity of the aircraft is necessarily conservative. The aircraft

2 This value subject to change during the flight-testing phase
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uses a stressed-skin, carbon fiber composite structure that is difficult to concisely model

analytically. Therefore, the final structural capacity of the aircraft is expected to exceed .
these load figures. Consequently, the turning ability of the aircraft should also exceed

these expectations.

The design team’s analysis indicates that the fully loaded aircraft’s endurance will

be 33.4 minutes. The maximum range of the final aircraft will be 13.36 miles.

With a TOGW of 35.5 pounds and a payload capacity of 20 pounds, the payload
fraction of the final aircraft will be 0.563.

5.3  Component Selection

Component selection in this design process has been tightly integrated into
appropriate phases of the design process. This integration was employed in the iterative
design process to ensure the best possible performance of the final design. Consider the
following summary of the component selections specified in previous phases of the

H

design process:

e Motor: Aveox F27L Brushless DC Motor

e Sanyo N-3000CR NiCad Batteries in a 26 cell pack

Closely related to these component specifications, the motor controller was selected to
provide the best performance of these components. The H160C motor controller,
manufactured by Aveox, prbvides the best match to these components and to the design
specifications of this competition. Specifically, this controller offers a peak current
capability of 120 amps for 10 seconds and a continuous current capability of 70 amps.’
These values fall well within the flight parameters of 98.4 amps at full throttle and 25

amps at contest cruise® throttle as specified in this design.

To allow for the necessary heat dissipation required by these components, the
design team strategically located these devices in practical, but effective, locations in the
airframe. The structures of this assembly were designed not only to handle the

considerable loads imposed by the forces and moments generated by the motor and the

?> When properly cooled.
* Throttle setting of 58%.
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nose gear, but also to integrate tightly with the thermodynamic devices required. The
motor mount was designed to effectively increase the heat conduction from the motor to
the slipstream by increasing the wetted surface area. Furthermore, the design allows for
the addition of heat sink fins should the flight test process indicate additional heat
dissipation capability is required for the aircraft to meet the necessary performance

specifications.

The placement of the motor controller is equally critical to the success of the
design. The controller resides below the aluminum mounting face of the motor mount,
directly behind the nose gear. This configuration allows the controller heat sink surface to
be completely exposed to the slipstream. Additional cooling airflow is captured by a
scoop between the nose gear and the motor controller housing. This bleed air continues
through the airframe and the battery compartment before being vented back to the
atmosphere. As with the motor configuration, the design allows for additional heat
dissipation by the addition of heat-sink fins.

The selection of the required radio system wés straightforward, driven by a
contest requirement and the channel requirement of the aircraft. Most importantly, the
design specifications of the contest require that all radios be equipped with a fail-safe
mode; specifically, the receiver must place all control surfaces to a known, specific
location upon loss of signal. This functionality is available only in pulse code modulation
(PCM) receivers. Typically, this encoding method is available only on higher-end
computerized radios. Additionally, the design of this aircraft offered considerable
functional improvements and additional performance capabilities by using such a radio.
Specifically, computerized radios offer channel mixing, where distinct but related control
channel inputs are combined to affect two or more physical channels (i.e. control
surfaces.) This functionality is commonly employed by RC hobbyists to realize ‘flaperon’
control displacement. Normally, the aileron control surfaces operate in opposite sense in
response to lateral input to the control stick; this provides roll axis controllability.
Traditionally, flaps can be mechanically similar to ailerons (simple flaps), but since flaps
operate in the same sense in each wing, incorporating both functions into one mechanical
control element complicates the design and adds weight to the design. The computerized

radio, with its mixing ability, allows this functionality with no weight penalty by using
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two radio channels for the flaperons — one for each flaperon. The transmitter may then

mix the two control inputs. This implements the flaperon functions with no added

complexity to the aircraft itself’’

The minimum radio requirements of this design indicate that a 6 channel, PCM
radio system is necessary. After researching available radio systems, the design team
chose a Futaba® 8-channel PCM system. The design team chose a radio with two
additional channels to allow for the possible use of mechanical wheel-brakes should

flight and taxi testing indicate the small additional weight penalty warrant this function.
5.4  Systems Architecture
5.4.1 Propulsion System

As outlined previously, the motor and motor controller are placed in strategic
locations in the airframe- the motor as dictated by the required thrust location, and the
controller by the motor location. Both of these configurations are shaped by the cooling

requirements of these components.

It was desired to place the batteries as closely as possible to the motor controller

to minimize Ohmic wiring losses. At the time this paper was finished, the final

installation of these components was not completed. The preliminary weight and balance
data from the SolidWorks98 solid modeling software indicated that the batteries must be
placed closer to the aerodynamic center of the aircraft. This requires a longer wire path
than originally desired. However, the final battery placement will be dictated by the full-
size balance tests. The design team may employ two battery locations, one corresponding
to a conservative, forward CG location and one corresponding to a less stable, neutral CG
location. Finally, the required mechanical arming switch will be placed on top of the

fuselage directly behind the motor controller.

S5.4.2 Landing Gear

> Assuming two servos were already being used for the ailerons; this is common in large-scale model
aircraft as the torque requirements of the control surfaces are greater. In addition, the physical linkages
used to control two ailerons with a single servo become necessarily more complicated in larger aircraft. .
® http://www.futaba-na.com/
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The design of the landing gear for this aircraft was one of the biggest points of
contention to the design team. Both the numerical analysis of the aircraft and the voices
of experience at the local RC model flying field indicated that a considerable
performance increase would be realized through the use of retractable landing gear.
Furthermore, the contest requirement of flying an empty, non-scoring sortie in between
payload carrying sorties emphasized the need to minimize the time required to perform
the empty laps. Clearly, the analysis indicated that retractable landing gear would result
in a 10% increase in top speed and a 5% increase in the contest cruise speed. However,
there was significant resistance to the use of retractable gear for several reasons. First, the
additional weight and complexity of pneumatic retracts was a concern. Second, the
reliability of the retracts was a serious concern. This was especially disconcerting to hear
from the experienced fliers at the RC flying field. There experiences had shown that no
matter how well designed the gear was, they never endured well or functioned
particularly reliably. The design team did not want to risk a belly landing or a one-gear

up landing with a 35-pound airplane.

The original solution to this problem was to design the landing gear mounting
structure to accommodate either fixed gear or retractable gear. However, during the
construction of the aircraft, the design team decided to produce this aircraft slightly on
the conservative side by fitting the plane only with fixed landing gear. Appropriately
sized Robart Robostruts were selected for this purpose.

Finally, the ground handling requirements of this contest and the possibility of
having to conduct flight operations in potentially strong winds dictated the use of
steerable nose gear. Therefore, the design team fabricated a piano-wire nose gear that

mounts on the aft of the motor mount.
5.4.3 Radio System

As outlined previously, the aircraft employs a Futaba PCM radio for control. The
radio receiver and its battery pack are located behind the aft-most payload bulkhead,
where the tail joins the fuselage. This location serves two purposes: First, it minimizes

the total wire lengths required for the tail mounted, wing mounted, and nose mounted
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control components. Second, it minimizes the possibility of EMI interference from the

high-power DC motor in the nose.
S5.4.4 Payload System

The contest requirement to carry 1-liter bottles of water payload is not as
straightforward as it may seem. Not only must the aircraft support this payload, it also
must allow quick and simple exchanges of the payload. Furthermore, determining the
best way to carry the payload in the aircraft is complicated. Therefore, much time was

spent in determining the optimum location and functionality of the payload system.

The selected system contains several important features. First, the payload is
arranged in such a way that any even combination of bottles (i.e. 0, 2, 4, 6, or 8) may be
carried with exactly the same center of gravity location. This is significant in that it
minimizes trim changes between payload bearing and non-payload bearing sorties.
Second, the bottles are accessible from a single large door on the top of the aircraft. This
allows the bottles to be taped together, and loaded and unloaded together, which greatly
reduces the ground time required between sorties. The payload is supported directly by
the principal structural members of the aircraft, reducing the required strength of the main
spars. Finally, since the top of the aircraft is principally in compression, and since the
payload bottles are form-fitted into the payload bay, the bottles provide additional
structural support to the aircraft. The payload door is opened via a single latch on the top

of the aircraft.
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6.0 Manufacturing Plan

6.1  Investigated Manufacturing Processes

The design team investigated three principal manufacturing methods. First, the
team considered the traditional manufacturing methods that employ lightwoods with
cloth or plastic skin. Second, the design team considered utilizing aluminum and other
metals to construct the principal aircraft structure. Third, the team considered employing
carbon fiber composites in the aircraft manufacturing process.

6.1.1 Figures of Merit (FOM:s)

The manufacturing process was considered by employing the basic figures of
merit (FOMs): Availability (AV), Required Skill Level (RSL), Available Skill Level
(ASL), Cost (CST), Suitability to the Design COncept (SDC), and Reparability (RA).
These figures were considered somewhat abstractly, with generalized figures applied in
the analysis. As will become apparent, the implemented manufacturing process was the
one most suitable for this design team and the one that would result in the highest

performance aircraft.
6.1.2 Analysis of Investigated Processes

First, the design team considered the traditional wood and covering technologies
commonly used in the RC Hobby industry. These materials are inexpensive and easy to
work. Furthermore, an individual with little formal training can easily contribute to the
manufacturing process. Since the materials are inexpensive, construction team members

may practice procedures that are more complicated. Mistakes are also easily overcome.

Additionally, structures of these materials are tolerant of accidents and mishaps;

repairs can often be affected in minutes.

There were two questions facing the construction team. Was the developed
concept suitable for these traditional manufacturing processes? Simply put, the airframe
specified in the concept is highly contoured, with few flat areas. Additionally, was the
structural integrity required by the loading specifications questionable in a purely

traditional construction?




The FOMs for this manufacturing process were assigned as follows:

1. AV: High — Material available from many sources in a large variety of shapes and

sizes, weights, and strengths.
2. RSL: Low — Material and processes easily workable and learnable.

3. ASL: Medium - Construction team possessed prior experience in almost all phases of

the manufacturing process.
4. CST: Low — Most materials are cheap.

5. SDC: Medium — Complex 3-dimensional contours are difficult to realize in wood, but
possible. These difficulties are alleviated by the excellent flexibility of Balsa woods
and the Mylar covering used in the RC hobby industry.

6. RA: Very High - The CA glues used in this manufacture process set nearly instantly.
The low cost of the materials make it possible to have a greater supply of repair

materials. The Mylar covering can be patched with simple duct tape if necessary.

Next, the design team considered an aluminum manufacturing approach. These
materials would easily provide the necessary strength for the aircraft. Furthermore, these

materials are commonly used throughout industry.
The FOMs for this manufacturing process were assigned as follows:
1. AV: Medium — Materials are available from many places with small lead times.

2. RSL: Medium — Easy to work with; requires a minimum of training in use of power

tools and machining equipment.

3. ASL: Low to Medium — Several team members had prior machine shop experience.

Others needed training.
4. CST: Medium — Can be expensive in non-standard shapes and sizes.
5. SDC: Medium — Can be difficult to machine complex shapes.

6. RA: Low — Serious repairs must be made in machine shop. Primary structure is

difficult to patch in the field.
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Finally, the carbon fiber composite manufacturing process was evaluated for this concept.
This process involves using structural and hot-wire foams to provide shape and
compressive strength to the structure. Carbon fiber laminates provide exceptional tensile
strength. These materials are used as appropriate to construct laminates that are bound
with carbon fiber tape and epoxy. This results in an exceptionally light and strong

structural member.
The FOMs for the carbon fiber manufacturing process were assigned as follows:

1. AV: Low to medium — Available from small (but growing) number of vendors.

Availability is sometimes limited for certain types of materials.

2. RSL: Medium — Structural foams are simple to work. Hot wire foams slightly

more difficult. Carbon fiber materials require special handling.
3. ASL: Medium — Sufficient knowledge base in design team.

4. CST: Medium to high — Prices range to several hundred dollars for a large piece

of carbon fiber. Foam costs are high as well.

5. SDC: High - Easy to form into complex shapes, especially to form wing with hot-

wire foam cutting machine.

6. RA: Low to Medium — Surface finish is epoxy-coated carbon fiber. It is difficult

to reopen after it has cured. Cracks and dings are field repairable with epoxy.
6.2  Selected Manufacturing Process

After carefully considering the alternatives, it was decided that the carbon fiber
composite manufacturing process would be ideal for this design. The design team has
sufficient skill in these processes to successfully complete the process. Most importantly,
the carbon fiber manufacturing process offers the best overall strength-to-weight ratio of
any of the available processes. Therefore, the airframe will be lighter using carbon fiber

than an equivalent airframe made from other materials.
6.2.1 Hot Wire Foam Cutting

Complex three-dimensional shapes can be simply manufactured using a hot wire

foam cutting machine. This device consists of a NiChrome wire that is electrically heated
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to a controlled temperature. The operator constructs templates out of Formica or other
material that can easily be shaped and sanded to a smooth finish and that will not burn
easily when in contact with the hot wire. The wire is then drawn through the foam over
the templates. This process is ideal for constructing simple, tapered wings. One simply
creates templates for the two end pieces, places them appropriately, and the wire

interpolates the cut for the wing.

In the case of this design, the wing has a 30-inch chord at the aircraft centerline
and 19.5-inch wing tip chords. Additionally, the design specifies a dihedral angle of 3
degrees and a washout angle of 2 degrees. Both of these angles were constructed into two
templates. These same templates cut bdth the left and the right wing panels; this ensures
that the two wings will be identical. The same approach was used to construct the

horizontal and the vertical tail surfaces.
6.2.2 Internal Structure Construction

The basis for the composite laminate construction techniques employed in this
design was found in The Composite Store’s application note on the construction of a
super-strong spar. As outlined previously, this process requires a laminate of structural
foam and carbon fiber wrapped with carbon fiber tape and epoxied. The design team
employed a variation of this process in its construction of this aircraft. The design team
employed this process in three-space instead of two. This allowed the structure of the
aircraft to contain long strips of uncut carbon fiber laminates, both laterally in the main
spars and longitudinally through the central tail longeron. Carbon laminates used in this
structure were 60 mil unidirectional fibers in one-half inch strips. At the materials rated
tensile strength of 360 KSI, the tensile strength of these strips is roughly 10,000 pounds

each.

To construct the internal structure, a jig was produced conforming to the required
shape of the bottom of the structure. The structural foam pieces and carbon fiber strips
were then cut to shape and assembled on the jig. After expoxying the pieces in place, the

structure was wrapped in bi-directional carbon fiber tape and epoxied.
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6.2.3 Component Assembly .

After the hot wire process was completed on the wings, clearance cuts were made
and the wings were fitted to the internal aircraft structure. The vertical tail was fitted to
the internal structure as well, incorporating structural support for the horizontal tail

assembly of the T-Tail configuration.

The two sections of the full-flying horizontal tail were assembled with a single
aluminum shaft bearing on teflon bushing that rest plywood reinforcing plates on the
vertical tail surface. The plywood plates also serve as mounting plates for the horizontal

tail servos.
6.2.4 Final Assembly Process

After the principal structures of the aircraft were completed, the entire airframe
was wrapped in bi-directional carbon fiber cloth and epoxied. Color pigments were added
to the visible sections of the cloth to produce the final color scheme. Finally, the
propulsion and radio systems were installed, the control surfaces hinged, and the landing

gear mounted. This completes the assembly process.

6.2.5 Manufacturing Schedule

The specified construction process and manufacturing milestone timing data is
contained in Table 3. This chart represents the scheduled manufacturing events. The

actual timing of some of these events is included in Figure 1.
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Dave Charles Jeff John
Prelimina
Pracuice cut All jigs . v ,
Jan. 16 . landing gear | Hiclp wherever
~done finished ) :
analysis report possible
Horizontal tail | All structural _ Coordinate
Jan. 23 ) Design update
cut foam cut Reeruit help
Jan. 30 Main Wings Final structure Design Oualitv control
' cut assembly completed
Feb. 1 Final assembly preparations complete
Feb. 13 Final assembly complete — ready to cover
Feb. 20 Control surfaces complete and hinged
Feb. 27 Systems installation — radio and propulsion
First Flight
Mar. 1
Proposal Phase Draft Due
Mar. 15 Proposal Phase Due
Apr. 2 Addendum Phase Draft Due
_Apr. 10 Addendum Phase Due
Apr. 13 Leave for competition
Apr. 14-16 COMPETITION

Table 3: Manufacturing Time Line
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Preparing for a hot-wire cut.

Dave and Charles with a wing panel.
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Assembly of the internal structure.
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7.0 Lessons Learned
7.1 Introduction

After two years of attempting the Design, Build, and Fly competition, it is
interesting to note that there are still many lessons to be learned from attempting a design
project of this magnitude. In the first year, the design team tried to incorporate an
innovative airframe with simple construction techniques and was successful in producing
a unique, though flawed, aircraft. Drawing on those experiences, and driven by the rated
aircraft cost metric that penalizes more complicated designs, the design team strove to
incorporate a more straightforward airframe with advanced manufacturing techniques. In
this effort, the team was quite successful in both reducing the total man-hours required
for the aircraft’s construction and also in producing an aircraft that was potentially
superior to a similar design that employed more basic manufacturing techniques. The
rational for this approach was simple: the actual manufacturing techniques used in the
aircraft construction were not considered in the rated aircraft cost formula. Therefore, any
design that could find advantages in this area would benefit from enhanced performance
without suffering a penalty in the competition scoring through an increase in its rated
aircraft cost. Interestingly enough, after completing two aircraft for this competition —
one for last year using simple balsa construction and one for this year using state-of-the-
art carbon fiber materials and specialty foams, the design team found that the process of
constructing an aircraft using these advanced techniques was much simpler than the basic
approach. Additionally, the team found that the accuracy with which the aircraft could be
constructed was greater using the advanced techniques. These conclusions depend upon
one necessary condition: the manufacturing team must possess some basic information on
the proper handling of these materials and in the use of these materials in an appropriate
fashion. The reason for this result is simple. The foams are quite easy to work and shape
into complex shapes, while the great strength to weight ratio of carbon fiber materials
allows the structural engineers to place the necessary strength where it is needed.
Basically, the foam provides the shape and the carbon fiber provides the strength. Epoxy
is utilized to bind the structure together. The design team highly recommends this

approach for all competition aircraft.
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7.2  Aircraft Balance and Weight

Early during the manufacturing process of this aircraft, it was clear that the plane
was tail heavy. Of course, it is difficult to gage exactly how far the longitudinal center of
gravity (CG) would differ from the design point. As construction progressed it became
clear that the balance was incorrect. The design team anticipated this balance problem
since there were some elements of the design not included in the SolidWorks solid model
and CAD design work; however, the design team was not planning on selecting the final
location of the battery pack until after the aircraft was completed. The CAD work
indicated that the batteries should be placed approximately 3-4 inches ahead of the
required CG location for proper balancing. As it became clear that no possible placement
of the battery packs would result in a properly balanced aircraft, the team leaders began
reinforcing the wing and nose structures of the airframe. This was done for a simple
reason: if it was strictly necessary to add weight to the aircraft, that weight may as well
serve another purpose; However, the team did not want to simply add five pounds of lead
to the nose for a proper balance. Despite the efforts to increase the forward structural
weight of the aircraft, the final airframe as documented in the proposal phase required
nearly six pounds of weight sitting just aft of the propeller to properly balance. The
design team found this unacceptable for two reasons. First, the required weight would
seriously affect the aircraft’s ability to meet the required take-off performance and
negatively affect its endurance and other flight performance characteristics. Second, there
simply was no place in fhe narrow taper of the nose to place six pounds of lead. Even
more weight would have been required with a reduced moment arm farther aft in the

airframe.

After much debate, it was decided that it was feasible to reduce the tail length to
reduce the positive pitching moment of the tail assembly. This was possible, and actually
quite simple, for several reasons. First, in analyzing the performance of last year’s
aircraft, it was determined that the principle flaw in that design was insufficient tail
volume. Therefore, the design team added a generous factor of safety in the tail design. In
addition to designing a tail with a large tail volume, the design team placed the horizontal
stabilizer in a high T-Tail configuration to eliminate any possible interference between

the main wing and the horizontal stabilizer. In short, the additional factor of safety
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incorporated into the tail design was partly responsible for the imbalanced condition of
the proposal aircraft because it further lengthened the tail moment arm. When it became ‘
clear that large weights would be required to properly balance the aircraft, the design
team re-evaluated the tail volume specification and concluded that eight inches could be
safely removed from the tail without seriously jeopardizing the stability of the aircraft.
Second, the physical structure of the tail was easily modified. This structure consists of
three 0.5 inch by 60 mil thick strips of carbon fiber laminate sandwiching structural foam
cores. There are 0.5-inch thick structural foam bulkheads that shape the tail surface. The
tail is covered by carbon fiber cloth and reinforced in key modes by 7 mil thick strips of
unidirectional carbon laminates. Furthermore, the only control elements in the length of
the tail are the wiring for the two tail mounted servos. Most importantly, however, was
the fact that this primary structure was rectangular, so removing a section of the tail
required only splicing two ends together of the same dimensions. Therefore, it was quite
simple to cut the tail off at a point just before the rudder, remove the specified eight
inches of tail length, and then splice the carbon fiber laminates with two-inch long strips

of carbon fiber. The wiring was then reinstalled and the carbon fiber surface refinished.

The entire modification required less than two hours of work and took one day to

complete (allowing for epoxy curing time).

After completing the tail modification, the balance was re-checked. This test
indicated that, while the weight needed to balance the aircraft was reduced, it was still tail
heavy. The design team proceeded to lighten the tail structure as much as possible,
removing all unnecessary foam and cutting lightening holes in both horizontal stabilizers.
This was done for a simple reason: the tail moment arm was still almost twice the
moment arm to the area where any balancing weight would be carried. Therefore,
reducing the weight of the tail by even 8 ounces would reduce the balancing weight by an
entire pound, consequently reducing the total weight of the final aircraft by 1.5 pounds.
After completing all lightening techniques practical, the aircraft required slightly more
than three pounds to balance.

Finally, it was suggested by an advisor that the nose be lengthened to increase the

both its moment arm and to allow for a more forward location of the battery packs. This

idea actually was considered earlier by several team members and rejected as
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unnecessarily complicated. Initially, it was thought that this modification would be too
complicated because this relatively thin structure was required to support potentially
large transient loads on a hard landing. This is especially true in a case where the tail or
main wheels hit hard, causing the plane to pivot about its wheels and land hard on the
nose gear. Therefore, a considerably stronger structure was designed for this area. This
structure utilizes ten pieces of 0.5 inch by 60 mil carbon laminates, providing a total
tensile strength of nearly 100,000 pounds. Additionally, this structure, unlike the
rectangular structure of the tail, was tapered into the aluminum motor mount. Therefore,
the design team originally thought it would be necessary to completely reconstruct the
nose of the aircraft. However, after the advisor suggested the alteration, the team leaders
reconsidered the idea, and found a feasible and simple way of accomplishing the

modification.

The design team determined that the nose could be cut directly in front of the
forward payload bay bulkhead. At this location, the contour of the surface was relatively
flat. Extending this area an additional four or six inches would not disrupt the airflow in
that area, and only modestly increase parasitic drag over this additional wetted area.
Furthermore, the design team spliced the nose section back to the aircraft using simple
rectangular section. This extension allowed for a rectangular area large enough to
accommodate the complete battery pack. Additionally, making the cut in this location left
the entire propulsion system installation unaffected by the modification. The modification
did weaken the structure somewhat, since the triangular truss that had been constructed
was altered into a hybrid shape. However, since the structure was originally much
stronger than actually required, the loss in structural capacity did not adversely affect the
aircraft’s performance. Finally, the more forward location of the battery packs reduced
the wiring required to power the aircraft, resulting in a reduction of copper losses in the

overall propulsion system.

In the end, the design team was forced to add an additional one pound weight to
the nose of the aircraft to properly balance the craft. In total, the modifications to the
aircraft, including the necessary balancing weight, added 1.2 pounds to the total airframe
weight. The problem with the original balance point was traced to the CAD model, the

complex 3-D shapes were modeled only as surfaces. This meant that the model
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underestimated the total mass of the tail and of the main wings. However, since there are
considerable structural elements in the main wing, and the mass of the wing is
approximately uniformly distributed about the specified center of gravity, the error in the
estimation of the tail more severely affected the balance point. Furthermore, the
underestimation of the weight of the plane resulted in an airframe weight more than six

pounds greater than expected.
7.3  Propulsion System

After in-flight testing and bench running of the power plant, the propeller
specified in the proposal phase was changed to a 15-10 APC prop. This changes was
driven by a repeating thermal shutdown condition of the motor controller during flight;
this resulted in successful deadstick landings on the first three flight tests. Additionally,
two heat sinks were added to the motor dontroller and one to the motor mount to help
cool these devices during periods of sustained high power operation and/or low airflow

conditions.
7.4  Potential Improvements

Clearly, a team’s first attempt at the construction of any complicated mechanical
device will not be optimum. After having completed an advanced composite structure of
this magnitude, the design team found numerous areas in which to improve its processes.
Indeed, considerable progress was made even during the construction process; this is
especially evident in the quality with which the carbon fiber cloth was applied. It is

obvious which sections were first installed and which sections were applied later.

As documented previously in this addendum, the empty weight of this aircraft is
somewhat higher than expecteci. Part of the reason for this is the complications caused by
the balancing difficulties. Probably an even greater reason for this is the generous
application of epoxy and the added structural elements that were included both to help the
balance situation and to ensure that the aircraft would meet its structural integrity tests
during the technical inspections. Certainly, a second prototype aircraft would be quite
superior to this prototype both in quality of workmanship and in reduced airframe weight.
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Final Production Configuration

Wingspan

7 feet

Payload Capacity

8 liters

TOGW

46 pounds

Empty Weight (no batteries)

20.5 pounds

Payload Fraction

4457

Main Wing Airfoil

SG6043

Chord at centerline

30 inches

Chord at wingtip

19.5 inches

Tail

Full flying stabilizer

Horizontal Stabilizer Airfoil

SD8020

Motor

Aveox F27L brushless DC

motor

Motor Controller

Aveox H160C

Propeller

APC 15x 10 inch

Batteries

Sanyo N-3000CR cells
26 cell pack

31.2 volts, 3.0 amp-hour

Table 4: Summary of Key Features of Production Configuration

(red letters indicated variation from proposal aircraft)
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8.0 Aircraft Cost

The 2000 Design, Build and Fly Competition employs a standard aircraft cost
model to better model the engineering atmosphere in a real-world design project. Clearly,
an engineer may not use unlimited resources in time and money to find optimal solutions
to simple problems. the rated aircraft cost provides a uniform way of gauging a concept’s
expense; this metric is used in the competition scoring to rank simpler, more economic
designs above equally-performing sophisticated designs. Therefore, the contest designers

instituted an aircraft cost model based on the following formula:

* * *
RatedAircraftCosK$, Thousands) = A*MEW + B l(I)Q(fg)P +C*MFHR Equation 3

Where MEW is the Manufacturer’s Empty Weight metric, REP is the Rated
Engine Power metric, and the MFHR is the Manufacturing Man Hours metric. The

coefficients A, B, and C are multipliers defined as follows:

_$100
A= A»ound

B=3lg  Equation4
C =$20/Hour

By definition, MEW is the actual airframe weight, in pounds, and does not
include the payload or the batteries. The REP metric is defined by the following formula:

REP = (# Engines)*504*(1.2V/ _}*(#cells) Equation 5
cell

Finally, the MFHR is defined as the prescribed assembly hours by Work

Breakdown Structure (WBS). This metric is computed from the following formula:
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MFHR = (5h%ving )(# wings) + (4%2 ) (Projected _ Area)
+ (Shr ho dy)(# fuselages) + (4’%,,)( fi _length)
+5hr + (Sh%/er ticalSur face)(# VerticalSurfaces)

10Ar :
+( A{orizontalSurface)(# HorizontalSurfaces)

+5hr + (lh’

+ (Sh%fngine)(# engines) + (Sh%r opellers)(# Propellers)

servo)(# servos)

8.1  Computation of the Standard Aircraft Cost

Equation 6

The calculations for the standard aircraft cost begin with the airframe dependent

parameters. These parameters are listed in table 5 as follows:

Airframe Weight 20.5 pounds
(Measured April 8, 2000)
Number of Engines 1 engine
Number of Cells 26 cells
Number of Wings 1 wing
Projected Area 15.3958 ft*
Number of Fuselages 1 Fuselage
Length of Fuselages 7.2083 feet
Number of Vertical 1 Vertical
Surfaces Surface
Number of Horizontal 1 Horizonta